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The study is conducted to evaluate the performance of a straight double tube heat 
exchanger using two novel and versatile enhancement configurations, namely Turbo-
C (Copper Top Cross) and EXTEK (Twisted Multi-Head), usable in single phase 
forced convection as well as in phase change. Such tubes are used in condensation as 
well as evaporation in a double tube heat exchanger assembly, typically as used in 
water source heat pumps. The study covers several aspects, viz., establishment of the 
flow development length, local and total friction factors, convective heat transfer in 
single-phase flow, two-phase pressure drop and condensation heat transfer. 
The Reynolds number ranges for the study are as follows. Flow development 
length: 800 < Re < 2300 for laminar flow and 4500 < Re < 27,000 for turbulent flow. 
For friction factor and heat transfer the Reynolds number range spanned 800 to 
65,000. Heat transfer coefficients are determined by the Wilson Plot technique in 
laminar and turbulent flow and correlations are proposed for Nusselt numbers. The 
Colburn analogy is employed to obtain the form of the correlation in the Wilson plot 
tests. Comparisons are then made between heat transfer and flow friction. 
Correlations are proposed for flow development length, friction factor and heat 
transfer coefficients in single-phase flow. 
Finally the condensation heat transfer coefficient for the overall average and local 
average is evaluated for Re > 25,000. During each test sequence the single phase 
region is evaluated based on results from the Wilson plot and Colburn }-Factor test 
results. The local condensation studies are conducted first, followed by the overall 
average condensation test. The results from the local condensation are then utilized 
for comparison with the overall average, by averaging the local coefficients by means 
of numerical quadrature. Two-phase pressure drop is also evaluated ot obtain the 




Kajian ini dijalankan untuk menilai tahap prestasi unit tiub pemindahan haba jenis 
"double-tube" yang menggunakan dua jenis permukaan terimbuh, iaitu "Turbo-C, 
Copper Top Cross" dan "EXTEK, Twisted Multi-Head", yang sesuai digunakan 
dalam kerja pemindahan haba satu fasa serta dalam dua fasa, proses system 
kondensasi. Tiub jenis ini sesuai untuk pengunaan sistem kondensasi dan 
pengewapan, adalah untuk aplikasi system penyejukan udara jenis "water source heat 
pump". Kajian ini merangkumi ujikaji untuk mendapatkan jarak pengembangan 
aliran, faktor rintangan aliran satu fasa, bentuk kolerasi untuk pemindahan haba satu 
fasa, bentuk kolerasi untuk pemindahan haba kondensasi dan juga kolerasi untuk 
faktor rintangan aliran kondensasi. 
Skop nombor "Reynolds" untuk kajian ini adalah dalam julad yang berikut. Untuk 
jarak pengembangan aliran: 800 < Re < 2300 untuk aliran lamina dan 4500 < Re , 
27,000 untuk aliran turbulasi. Untuk faktor rintangan aliran satu fasa dan kolerasi 
untuk pemindahan haba satu fasa, skop nombor "Reynolds" adalah antara 800 hingga 
65,000. Kolerasi untuk pemindahan haba satu fasa ditentukan melalui ujikaji "Wilson 
Plot" untuk aliran lamina dan turbulasi. Evaluasi antara faktor rintangan aliran satu 
fasa dan kolerasi untuk pemindahan haba satu fasa juga dibentangkan. 
Untuk kolerasi pemindahan haba kondensasi dilakukan untuk nilai tempatan and 
nilai purata. Dalam kajian kondensasi, nilai untuk kolerasi satu fasa di gunapakai 
daripada hasil ujian terdahulu, iaitu "Wilson Plot" dan "Colburn j-Factor". Ujian 
kondensasi dilakukan terdahulu untuk nilai tempatan. Selepas itu, ujian kondensasi 
dilakukan untuk nilai purata. Nilai yang diperolehi daripada integrasi hasil ujian 
kondensasi tempatan dibandingkan dengan hasil ujian kondensasi purata. Kolerasi 
untuk faktor rintangan aliran kondensasi dilakukan dalam bentuk "Lockhart-
Martinelli" yang dinilai untuk fungsi "multiplier" dua fasa. 
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pressure gauge 
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o annulus side 
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SC subcooled liquid 
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TS test section 
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A general description of the double tube heat exchanger commonly used in mr 
conditioning applications is given in this chapter. The mechanism of heat transfer 
occurring in these exchangers is introduced and explained. The justification and 
objectives of the research are also outlined. 
1.2 Background of study 
Heat transfer with phase change, I.e., condensation and boiling, inside as well as 
outside horizontal tubes, plays a key role in refrigeration, air-conditioning and heat 
pump applications. In recent years, the adoption of substitute working fluids has 
generated an interest in a closer study of phase change heat transfer by means of 
miniature thermal systems and new enhanced surfaces. Efforts have been made 
towards identifying innovative technologies for heat transfer enhancement. In these 
new applications, existing correlations to predict heat transfer during condensation or 
boiling may be quite inaccurate. Consequently a renewed effort is being dedicated to 
the characterization of flow conditions and associated predictive procedures for 
condensation heat transfer. 
Heat transfer enhancement techniques are classified as: passive enhancement 
techniques - not involving any direct application of external source of power, and 
active enhancement techniques - which require direct application of external power. 






augmentation, and larger pressure drops when compared to active techniques. 
Depending on the application and economic feasibility, the designer has to decide on 
the type of augmentation techniques used. Among the passive applications, the use of 
double-tube heat exchanger as a condenser or evaporator for Water Source Heat Pump 
(WSHP) has considerable potential for enhancing condensation. The refrigerant 
circuit for a WSHP is shown in, Fig 1.1. 
The WSHP unit is a reversible-cycle heat pump unit which uses water as the heat 
source when running in the heating mode and as the heat sink when in the cooling 
mode. For this purpose, a water-to-refrigerant heat exchanger is used. Generally, this 
could be a double tube or plate heat exchanger. The refrigerant circuit is completed 
with a compressor, expansion device and a finned-tube heat exchanger. The double-
tube heat exchanger is a very efficient design. The water and refrigerant are in thermal 
contact through the walls of the inner tubes. The water and the heat-transfer fluid are 
in counter-flow. This is of particular advantage when desuperheating or subcooling 
occurs in the heat exchanger along with phase change. 
Double-tube condensers in refrigeration are modeled generally in three separate 
sections, as shown in Fig. 1.2. Different heat transfer and pressure drop correlations 
are used in each section. The superheated vapor and subcooled liquid section are 
treated using single phase flow correlations. The current work aims to study the 
hydrodynamic and heat transfer characteristics of the Turbo-C (Copper Top Cross) 
and EXTEK (Twisted Multi Head) surfaces, for single phase flow and condensation. 
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Fig. 1.1: Refrigerant circuit for WSHP unit 
subcool phase change de-superheat 
out ' ' ' 
-























1.3 Double-tube heat exchanger 
Effective utilization, conservation, and recovery of heat are three critical engineering 
problems for the process industry. The economical design and operation of Heating, 
Ventilation, and Air Conditioning (HV A C) systems are often governed by the 
effective transfer of heat. Double tube heat exchangers, used in water-cooling/heating 
coils commonly used in packaged air conditioners, are the simplest form of a two-
fluid heat exchanger. These are made of two concentric circular tubes, in which water 
flows through the inner tube while the refrigerant flows through the annulus. These 
exchangers involve high investment and operation costs. In a typical application, the 
condensation process is preceded by desuperheating of vapor and followed by 
subcooling of condensate. In such systems, designs in the range of Re < 10,000 are 
often encountered. Most of the investigators report their findings for quiescent vapor 
condensation. The characteristics of the vapor flow condensation system is of a 
different nature for the respective flow regime, from mist flow to stratified flow, vary 
for different enhancement surfaces. Knowledge of the point of transition from laminar 
to turbulent flow and the right selection ofthe correlation are required for an optimum 
design of the heat exchanger. Therefore, it is of value to generate the pressure drop 
and heat transfer coefficient data for single-phase and condensation in double tube 
heat exchangers for the lower range of Reynolds numbers. 
1.4 Heat transfer enhancement 
The need to minimize cost has driven the adoption of more efficient heat exchangers. 
A variety of different techniques are employed for improving the heat transfer 
process, referred to collectively as heat transfer enhancement. Extensive reviews of 
these methods and their applications have been given by Bergles [I] and Webb [2]. 
Passive techniques of heat transfer enhancement require no external energy input, 
except for pump, vapor compressor or blower power to move the fluid, and involve 
the use of rough surfaces, extended surfaces, displaced promoters, and swirl flow 
devices, among others. As active enhancement techniques need extra power, passive 
techniques are often the preferred choice and they have been applied widely. Two 
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types of passive enhancements which have been widely applied are enhancement by 
surface modification and enhancement by means of swirl flow 
1.5 Test specimens 
The enhanced tubes used in this study are Turbo-C (Copper Top Cross) and EXTEK 
(Twisted Multi-Head), Fig. 1.3. The Turbo-C is a dual purpose surface, i.e., it is a 
specially designed surface modification to enhance condensation as well as 
evaporation. The sharp fin tips help in reduction of the condensate film thickness and 
the retaining cavities at the base of the fins act as nucleation points for evaporation. 
The EXTEK tube is also designed for the same dual purpose but the mechanism 
for enhancement of condensation and evaporation is different from the conventional. 
The swirling flow motion due to the tube profile introduces high vapor shear for 
condensate film removal. The outer surface of the EXTEK tube is made porous to 
assist in nucleation. Evaluation of hydrodynamic and thermal characteristics of these 
two surfaces for condensation and evaporation is expected to be of great interest to the 
HVAC industry. 
An illustration of the double tube heat exchanger is given in Fig. 1.4. The Turbo-C 
and EXTEK tube act as the inner tube for the double tube heat exchanger assembly. 
The Turbo-C test section provides surface enhancement on the outer surface whereas 
the inner surface is smooth. The EXTEK tube is a multi-head tube extruded in a 
twisted form, where both the inner and outer surfaces provide the swirl flow 
characteristics. 
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(a) Turbo-C (Copper Top Cross) (b) EXTEK (T\\istcd Multi-Head) 


















In the study of the overall performance of these geometries, the present work is 
divided into seven stages of experiments. Each experiment is constructed in a 
sequential order as shown below: 
I. Flow development length for annulus and tube side. 
2. Fanning friction factor correlation for annulus and tube side. 
3. Wilson Plot test for tube side heat transfer coefficient. 
4. Colbumj-factor test for annulus heat transfer coefficient; this test validates the 
friction factor and heat transfer correlation for annulus and tube side. 
5. Condensation (overall average) heat transfer coefficient for annulus side. 
6. Condensation (local) heat transfer coefficient 
7. Two-phase pressure drop for annulus side. 
The overall matrix of the experimental work is given in Fig. 1.5 and Table 1.1. 
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Flow Development Length Test I\ 
• Obtain development Length for Plain & Turbo-C annulus 
• Laminar and Turbulent flow 
~ 
Friction Factor Test 
• Obtain friction factor correlation for annulus and tube side 
• Tube and annulus side, for Plain, Turbo-C and EXTEK 
• Laminar and Turbulent flow 
• Use development length from test above for fully 
developed/ 
~ 
Wilson Plot 'fest 
• Based on analogy, use Re index from friction factor test 
and obtain fully developed turbulent heat transfer 
correlation for Plain and EXTEK tubes 
~ 
Colburnj-Factor Test 
• Using tube side turbulent heat transfer coefficient from 
above, obtain heat transfer coefficient for annulus and tube 
side by repeated use of the Wilson plot technique 
• Laminar and turbulent region 
• Plot{,) and Nu vs. Re 1_/ 
~ 
Local Condensation Test \ 
• Obtain local heat transfer coefficient 
• Use the tube side turbulent h from Wilson plot test 
~ 
Overall Average Condensation Test 
• Use the annulus and tube side heat transfer coefficient 
from Colbumj-factor test to account for single phase flow 
• Obtain average coefficient for condensation 
~ 
Two-Phase Pressure Drop Test 
• Use the annulus and tube side friction factor from friction 
factor test to obtain two-phase multiplier as a function of 
Lockhart-Martinelli parameter 
Fig. 1.5: Experimental test flow matrix 
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Table 1.1: Experimental work matrix for the test sections 
Experimental Flow Plain Turbo-C EXTEK Tube Annulus Tube Annulus Tube Annulus Work Region Side Side Side Side Side Side 
Flow Laminar ~ ~ 
Development Turbulent ~ ~ Len2th 
Friction Factor Laminar ~ ~ ~ ~ ~ ~ 
Turbulent ~ ~ ~ ~ ~ ~ 
Wilson Plot Laminar 
Turbulent ~ ~ 
Colburn J-Factor Laminar ~ ~ ~ ~ ~ ~ 
Turbulent ~ ~ ~ ~ ~ ~ 
Condensation 
(Overall ~ ~ ~ 
Average) 
Condensation 
(Overall ~ ~ ~ 
Avera2e) 
1. 7 Scope of the study 
Experiments are conducted to obtain the necessary data for the following independent 
parameters, Table 1.2 .. These ranges constitute the optimal working range of the 

















Table 1.2: Parametric range for double-tube condensation experiments 
No. Experimental Condition Description 
I Test Fluid a) R22 Chlorodifluoromethane 
b) Water 
2 Test Section a) Plain 
b) Turbo-C (Copper Top Cross) 
c) EXTEK (Twisted Multi-Head) 
3 Flow development length Plain Annulus 
Test Fluid :Water Laminar (I ,200 < Re < 2,000) 
Test Section: Plain tube Turbulent (4,000 < Re < 27,000) 
Turbo-C tube 
Turbo-C Annulus 
Laminar (800 < Re < 2,300) 
Turbulent (9,000 < Re < 24,000) 
4 Friction factor Tube side (1,100 < Re < 40,000) 
Test Fluid :Water Annulus side (500 < Re < 10,000) 
Test Section: Plain tube 
Turbo-C tube 
EXTEK tube 
5 Wilson Plot Test Plain Tube 
Test Fluid :Water (Tube side) Nominal mass flow rate 
Test Section: Plain tube (0.1345- 0.3404 kg/s) 
EXTEKtube 
EXTEK Tube 
Nominal mass flow rate 
(0.0355- 0.1128 kg/s) 
6 Colburnj-Factor Plot 
Test Fluid :Water (Annulus Tube side (1,100 < Re < 40,000) 
& Tube side) Annulus side (500 < Re < I 0,000) 
Test Section: Plain tube 
Turbo-C tube 
EXTEK tube 
7 Condensation (Overall Wall subcooling 
Average) 4 'C < (T,,- Tw,n) < 16'C 
Test Fluid: Water (Tube side) Re > 25,000 
R22 (Annulus side) 
Test Section: Plain tube 
Turbo-C tube 
EXTEK tube 
8 Condensation (Local Average) Wall subcooling 
Test Fluid: Water (Tube side) 4 'C < (T,,- Tw,n) < 16 "C 
R22 (Annulus side) Re > 25,000 




1.8 Objectives of research 
The expected outcomes from this work are: 
I. Degree of enhancement for Turbo-C and EXTEK tubes for single phase flow. 
2. Degree of enhancement for Turbo-C and EXTEK tubes for condensation, 
average as well as local. 
3. Contribution towards benchmarking of future investigations into enhancement 
efforts using the Turbo-C and EXTEK tubes, and their applicability in a heat 
exchanger for air conditioning systems. 
1.9 Summary 
In this chapter, the description of the double tube heat exchanger and its applications 
have been addressed. The test specimens, Turbo-C and EXTEK tubes, and their 
features have been discussed. The effects of the enhancement ofTurbo-C and EXTEK 
tubes with regard to the heat transfer and pressure drop characteristics, for both 
convection and condensation, are to be studied in the present work. The seven stages 
in the methodology of this study set the course for the investigation. The scope and 
expected outcome are also outlined at the end of the chapter. The rationale for the 
investigation is established after a thorough review of the state-of-art elaborated in the 
next chapter. 
1.10 Thesis organization 
The presentation of the thesis has been divided into 5 chapters. After the present 
introductory Chapter 1, the literature related to the present study is reviewed and 
presented in Chapter 2. The details of the research methodology and experimental 
method are described in detail in Chapter 3. Chapter 4 presents the results and 







This chapter presents a review of the literature related to the topic under investigation. 
The sections that follow are based on information available in open literature and 
cover the earlier stated methodology. The result of each section relates to, and is used 
in, the subsequent section. From the vast quantity of information available in research 
papers and handbooks, the material that is most relevant to the scope and parametric 
range of the present work has been selected. 
2.2 Augmented surfaces 
The need to optimize and conserve energy has engendered the development of 
more efficient heat exchangers. A variety of different techniques are employed for the 
heat transfer process, which is generally referred to as heat transfer augmentation. 
Extensive reviews of these methods and their applications are given in [1] and [2]. 
These techniques are broadly classified as active or passive techniques. Passive 
techniques require no external energy input, except for pump, vapor compressor or 
blower power to move the fluid, and involve the use of rough surfaces, extended 
surfaces, displaced promoters, and swirl flow devices, among others. Examples of 
passive enhancement are given in Table 2.1. Extensive reviews of passive 
enhancement have been presented by Wang eta!. [3], Nandakumar and Masliyah [4], 














Table 2.1: Passive enhancement techniques 
Examples 
Type ofGEWA-T 
3D Roughness w1th alternate studs 
Them1ocxel-C E\erfin-.1. Turbo-C 
/J /) 
Coded Springs 
Twisted Tape Inserts 
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Active enhancement techniques, on the other hand, need extra power to improve 
heat transfer. Consequently, passive techniques are often the preferred choice and 
they have seen wide industrial applications [6]. The two tube profiles selected in this 
experimental work are examples of such passive enhancements that have been 
successfully applied in double tube condenser systems. 
2.3 Heat transfer on enhanced horizontal tubes 
Dobson and Chato [7] investigated condensation of zeotropic refrigerants over a wide 
range of mass flux in horizontal tubes. They stated that the heat transfer coefficient 
increases with increasing mass flux and quality in annular flow due to increased shear 
stress and thinner liquid film than in other flow regimes. They used a two-phase 
multiplier approach for annular flow. Sweeney and Chato [8] extended their model for 
R407C, using mass flux based modification. Cavallini et a!. [9] presented a theoretical 
analysis of the condensation process and a critical review of a number of correlations 
for predicting the heat transfer coefficients and pressure drops for refrigerants 
condensing inside various commercially manufactured tubes with enhanced surfaces. 
More recently, Cavallini et a!. [I 0] reviewed the work in open literature on the 
condensation inside and outside smooth and enhanced tubes. Wongwises and 
Polsongkram [II] compared the average heat transfer coefficient of condensation 
process in the helically coiled concentric tube-in-tube heat exchanger with that in the 
straight concentric tube-in-tube heat exchanger at the same condition and found that 
the average heat transfer coefficient in the helically coiled concentric tube-in-tube 
heat exchanger is 33-53% higher, while the pressure drop is 29-46% higher. 
Several heat transfer enhancement techniques have been introduced to improve the 
overall thermal-hydraulic performance of heat exchangers resulting in the reduction of 
the heat exchanger size and the cost of operation. The improvement of heat transfer 
performance in the passive method is due to promoting the turbulence near the tube 
wall surface to reduce the thermal boundary layer thickness and introducing a more 
vigorous mixing between the core and wall regions of the flow that is the underlying 
principle in a variety of enhancing geometries [12-34] such as a finned tube, tube 
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with rib, tube with spirally roughened wall, corrugated tube, fluted tube, helical tube, 
elliptical axis tube, micro-fin tube etc. as can be seen in Fig. 2.1. Among the modified 
tubes, the corrugated tube and the fluted tube become important for heat transfer 
enhancement in turbulent single phase flow as the pressure drop increment is 
reasonable. The studies on the heat transfer and pressure drop characteristics in fluted 
tubes for different conditions such as flow region, type of fluid, and shape of the 
fluted tube have been reported extensively. Rousseau et a!. [ 12] described the 
development of a simulation model for the design of fluted tubes in water heating 
condensers. Qi et a!. [13) applied cationic and zwitterionic/anionic surfactant 
solutions as drag reducing additives in a fluted tube. Kang et a!. [ 14) determined the 
flooding mechanism in a fluted tube fitted with a twisted insert by visual observation 
and also developed the experimental correlations for flooding in both vertical and 
nearly horizontal tubes. Dengliang et a!. [ 15) presented a practical procedure for 
calculating the heat transfer in laminar film condensation on a vertical fluted tube. 
Wanga eta!. [16) studied the heat transfer in a carbon steel/copper spirally fluted tube. 
They found that the carbon steel spirally fluted tube yields higher heat transfer 
coefficients than the carbon steel smooth tube up to 17%, while the spirally fluted 
copper tube provided higher heat transfer coefficients than the copper smooth tube by 
up to 52%. 
The corrugated tube is one of the important enhanced tubes in many engineering 
applications, for example, heat exchangers in food industry, paint production, naval 
applications and pharmaceuticals. Rainieri and Pagliarini [ 17) studied the convective 
heat transfer and thermal performance behaviors in corrugated tubes at different pitch 
ratios. Their results showed that the helical corrugation induced significant swirl 
components. Vicente et a!. [18) reported the heat transfer and isothermal friction 
characteristics in corrugated tubes with different roughness geometries. They found 
that the Nusselt number and friction factor coefficient of the corrugated tubes are 
higher than those of the smooth tube by around 250% and 300%, respectively. Barba 
et a!. [ 19) investigated the heat transfer and pressure drop for single-phase flow using 
ethylene glycol as the working fluid in a corrugated tube obtained from a circular 
AISI 304 smooth tube, through cold mechanical buckling, indenting the plain tube but 
· with no abrasion or mass removal. The friction factor of the corrugated tube was up to 
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Fig. 2.1: Geometry of different enhanced tube surface 
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45 times that of the smooth tube. Rozzi et a!. (20] examined the influence of wall 
corrugations on heat transfer and pressure loss in a shell and tube heat exchanger 
using Newtonian/non-Newtonian fluids (whole milk, cloudy orange juice, apricot and 
apple puree) as the working fluids. Vicente et a!. [21] carried out an experiment to 
study the heat transfer in corrugated tubes for laminar and turbulent flows using water 
and ethylene glycol as the working fluid. They observed that the corrugated tubes 
provide higher heat transfer and friction factor up to 3 0% and 25% than the smooth 
tube. Dong et a!. (22] presented the heat transfer and friction factor characteristics in a 
spirally corrugated tube using water and oil as the working fluids. Their results 
revealed that the heat transfer coefficient and friction factor of the corrugated tube are 
higher than those of the smooth tube by up to 120% and 160%, respectively. 
Laohalertdecha and Wongwises (23] performed an experiment to examine the heat 
transfer coefficient and pressure drop in corrugated tubes by using R-134a as the 
working fluid. The corrugation pitches showed a significant effect on the heat transfer 
coefficient and pressure drop behaviors. Zimparov [24, 25] applied a simple 
mathematical model for predicting the friction factor and heat transfer coefficient in a 
spirally corrugated tube combined with a twisted tape. The results showed that the 
predicted data are in fair agreement with the experimental data. 
Enhanced tubes such as elliptical axis tube, finned tube, microfin tube, and 
grooved tube, have been used as the turbulence promoter to disrupt the thermal 
boundary layer, resulting in higher heat transfer coefficient in heat exchanger systems. 
Meng et a!. [26] and Li et al [27] studied the convective heat transfer in an alternating 
elliptical axis tube. Their analysis indicated that the mechanism for heat transfer 
enhancement was mainly due to the effect of the multilongitudinal vortices induced 
by the cross-sectional change in the alternating elliptical axis tubes. Zhnegguo et a!. 
[28, 29] investigated the heat transfer and pressure drop characteristics in a helically 
baffled heat exchanger combined with a petal-shaped finned tube for cooling of oil 
(ISO VG-32). The experiments were carried out in counter-flow operation with hot oil 
in the shell side and cold water in the tube side. Overall heat transfer coefficients were 
calculated and heat transfer coefficients in the shell and tube side were determined 
using the modified Wilson plot. A commercial computational fluid dynamics (CFD) 
program Fluent 6.0 was used to predict the flow and heat transfer performance in the 
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heat exchanger. The numerical results agree well with the measurements. The 
maximum differences between the numerical results of Zhnegguo et a!. [28, 29] and 
their experimental data are approximately 6.3% for Nusselt number and 9.8% for 
pressure drop, respectively. 
Al-Fahed eta!. [30] reported the heat transfer coefficients and pressure drop in a 
microfinned tube with loose-fit/tight-fit twisted-tape insert. They concluded that the 
tight-fit tape give better thermal performance than the loose-fit one. Webb [31] 
studied heat transfer and friction factor characteristics of three tubes having a conical, 
three-dimensional roughness on the inner tube surface with water flow in the tube. 
The TC3 truncated cone tube has twice the cone area density as TC2 and provides a 
Nusselt number 3.74 times that of a plain tube. The h-value is 36% higher than TC2, 
but it has nearly 60% higher pressure drop. The three-dimensional roughness offers 
potential for considerably higher heat transfer enhancement (e.g., 50% higher) than is 
given by helical ridged tubes, such as the Turbo-B type. Thors eta!. [32] found that 
the two truncated cone tubes provide 14-20% higher h-value than the commercial 
Wolverine Turbo B II tube. 
In 1977, Fujie eta!. [33] developed a high performance boiling tube called 
Thermoexcel-E which has surface pores and sub-tunnels and in 1985, Wolverine Tube 
Inc. introduced another tube with a grid pattern of reentrant channels called Turbo-B 
tube which is basically composed of small mushroom shaped fins [34]. Jung eta!. 
[35] studied nucleate boiling HTCs of four pure refrigerants of HCFC22, HFC 134a, 
HFC125, HFC32 in 1023 fj:Jm low fin, Turbo-B, and Thermoexcel-E tubes. The heat 
transfer enhancement ratios of the low fin, Turbo-B, and Thermoexcel-E tubes were 
1.09-1.68, 1.77-5.41, 1.64-8.77 respectively. Even though Thermoexcel-E showed 
the highest HTCs, the rate of increase in heat transfer with an increase in heat flux is 
small due possibly to the blockage of the cold liquid entering the pores and tunnels. 
2.4 Flow pattern of condensation 
Two-phase flow patterns in a condensation process, in all flow regimes, are slightly 
different from adiabatic or evaporating conditions. The orientation and interaction of 
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the liquid and vapor phases inside the tubes is one of the most significant 
characteristics of two-phase flow. This phenomenon is related to flow regime and 
flow pattern. Different flow patterns may occur depending on the tube position, the 
geometry of the tube, flow rates and physical properties of the two phases. Flow 
patterns in two-phase flow generally include bubble flow, slug flow, chum flow, 
annular flow, and droplet flow for most of the significant liquid vapor flow regimes. 
Annular flow conditions along the tube length include convective condensation which 
occurs for many applications inside tubes. Annular two-phase flow is one of the most 
important flow regimes, and is characterized by a phase interface separating a thin 
liquid film from the gas flow in the core region. Annular two-phase flow occurs 
widely in film heating and cooling processes in power generation, and especially in 
nuclear reactors. This flow regime has received the most attention, both analytically 
and experimentally, because of its practical importance and the relative ease with 
which analytic treatment may be applied. In addition to this, condensate distribution 
inside the tube wall is almost symmetric, and there is high velocity vapor flow in the 
core during annular flow. 
Stratified flow occurs at very low vapor velocities in a horizontal tube, as for 
example when the mass flux of refrigerant decreases. In this situation, the condensate 
is seen on the upper portion of the tube wall and driven downwards by gravity, and 
collects at the bottom of the tube. There are other flow patterns, such as annular-mist 
flow with a mixture of vapor and mist in the core flow; slug flow exists when 
interfacial waves grow sufficiently to block the entire cross-section at some 
transversal sections; and wavy flow occurs when the waves affect the vapor and exists 
on the portion of the tube wall near the interface between the liquid pool and the 
vapor. Also, there are some subcategories of these flow patterns in relation to the 
transition between phases. Investigations of flow regime maps for condensation inside 
tubes have been conducted by many researchers, including Dobson et a!. [36], Baker 
[37], Traviss and Rohsenow [38], Mandhane eta!. [39], Taite! and Dukler [40], Palen 
eta!. [41], Breber eta!. [42], and Soliman [43, 44]. Moreover, visualization of flow 
transitions is done by Liebenberg and Meyer [ 45] and their study can be seen from 
Fig. 2.2. Although most of these flow regime maps were conducted for adiabatic two-
phase flows, they are often used for the diabatic processes of evaporation and 
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condensation. For that reason, reliable results may not be produced in some 
applications. Taite! and Dukler [40] provided a good review for a description of flow 
regime transition theory. 
It is possible to divide flow patterns into two groups in horizontal tubes: those that 
appear at high void fractions > 0.5, and those that appear only at low void fractions 
< 0.5. The first group has five flow patterns: stratified flow, wavy flow, wavy annular 
flow, annular flow, annular-mist flow. The second group has three flow patterns: slug, 
plug, and bubbly flow. The five flow patterns shown in Fig. 2.3 occur gradually with 
increase in the vapor velocity. The three flow patterns in the second group appear 
with an increase in the liquid inventory (or a decrease in vapor fraction). There are 
numerous proposed flow pattern maps in the literature to predict two-phase flow 
pattern transitions in horizontal tubes under adiabatic and diabatic conditions, and 
several flow regime based heat transfer models proposed by Shao and Granryd [ 46] 
and Cavallini eta!. [47]. El Hajal eta!. [48] adapted the Kattan eta!. [49] flow-boiling 
two-phase flow pattern map for condensation inside horizontal tubes. El Hajal et a!. 
[ 48] and Collier and Thome [50] studied the prediction of void fractions by a new 
method based on flow regime at pressures between the atmosphere and near the 
critical pressure, and presented a new heat transfer model using alternative fluids. 
Steiner's [51] map, which in tum benefited from Taite! and Dukler's [ 40] map, was 
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Fig. 2.2: Flow pattern map for R-22 at a saturation temperature of 511C showing 
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Fig. 2.3: Simplified flow structures for two-phase flow patterns, Thome [52] 
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2.5 Effects of oil on condensation 
Many researchers have investigated the effect of refrigeration oils on condensation 
heat transfer. Degradation of the condensation heat transfer coefficient has been 
reported due to the presence of refrigeration-oil mixture, due to the presence of 
lubricant oil in compressor unit. The mixture of small amounts of compressor 
lubricant in the refrigerant is a typical occurrence in vapor compression refrigeration 
systems. This mixture affects the performance of the condenser and influences the 
system performance for that reason. 
Chato [53] investigated the influence of oil on condensation using refrigerants 
CFC 12 and HCFC22, and reported a reduction in heat transfer coefficient due to the 
mixture of oil-refrigerant. Tichy et a!. [54] noted 10% and 23% degradation in the 
heat transfer of CFC 12, testing 2% and 5% 300 SUS napthenic based oil 
concentrations, respectively. Schlager et a!. [55] stated a 13% reduction in the heat 
transfer with 5% lubricant and 150 SUS napthenic oil in the mixture for the 
condensation of HCFC 22. Eckels and Pate [56] reported a drop of approximately 
10% in the heat transfer for CFC 12 at 5% 150 SUS napthenic oil mixture, but on the 
other hand, no important effect on the heat transfer coefficient of HFC 134a at 165 
SUS PAG oil. Shao and Granryd [57-59] reported that they added ester based oil to 
the refrigerant at the concentration of 2% and %5 respectively. As a result of their 
studies, value of the condensation heat transfer coefficient of Rl34a decreased 10-
20% due to the use of ester based oil with the refrigerant inside the condenser. 
Boissieux et a!. [60] and Meyer and Dunn [61] focused on the refrigerant-oil 
effects on condensation heat transfer of R404A in horizontal smooth and micro-fin 
tubes. They reported heat transfer enhancements for R404A up to oil concentrations 
of 3%. Sur and Azer [62] reviewed some correlations to predict the effect of oil on the 
heat transfer performance of the refrigerant in smooth and micro-fin tubes. Cavallini 
et a!. [ 63] condensed refrigerant -oil mixtures inside tubes, and noted that the heat 
transfer coefficient decreases with increasing oil concentration in all the geometries 
tested. Dobson and Chato [7] proposed a correlation for the increase in pressure drop 
in smooth tubes due to the existence of oil in the system. 
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2.6 Void fraction 
Void fraction, defined as the cross-sectional area occupied by the vapor in relation to 
the area of the flow channel, is an important parameter and is always used to 
determine the flow pattern transition, heat transfer coefficient and two-phase pressure 
drop. Two-phase separated flow is commonly analyzed using the slip flow model. In 
this model, it is assumed that the separated phases have different uniform velocities. 
By contrast, the homogeneous model is defined as an ideal case, as it assumes a 
homogeneous mixture providing uniform velocities for both phases, for that reason, it 
is the simplest method for the determination of void fraction. 
Over the years, many studies have been conducted on the modeling of void 
fractions, and can be divided into several groups: slip ratio void fraction models and 
correlations [ 64-7 4]. Lockhart and Martinelli parameter based void fraction models 
and correlations [75-83], flow regime based void fraction models and correlations 
[84-86], parameter based void fraction and correlations [87-89], and general void 
fraction models and correlations [90-96]. 
Determination of void fraction in a micro-fin tube is an important design and 
operating parameter for the heat exchanger, and it is necessary to calculate the amount 
of refrigerant charge in the evaporator and condenser. Therefore, it still preserves its 
importance and it is a worthwhile subject to investigate, but there have been limited 
investigations in open literature until now. Y ashar et al. [80] performed experimental 
studies on condensation and evaporation inside smooth and micro-fin tubes, and 
proposed a correlation to predict void fraction ofR134a and R410A. 
2. 7 Condensation pressure drop inside tubes 
The two-phase pressure drop is a significant design parameter in many engineering 
applications, such as in the chemical process industry, nuclear industry, petroleum 
industry, refrigeration and air conditioning applications and space applications. There 
has been a number of investigations into this subject in the literature due to its 
importance. The frictional, acceleration, and gravitational components form the 
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two-phase total pressure drop in tubes. Determination of void fraction is necessary for 
computing the acceleration and gravitational components, and in a similar way, 
determination of either the two-phase friction factor or the two-phase frictional 
multiplier is necessary for computing the frictional component of pressure drop. 
The Lockhart and Martinelli [75], Chisholm [64], and Friedel [97] correlations 
are generally used for the determination of pressure drop in conventional channels. 
Some modifications to account for the specific geometry or flow conditions are made 
in these correlations. In spite of their large deviations from the data for small channels 
in the condensation process, they are still used as the basis for many of the recent 
correlations. Condensation of refrigerants Rl2, and R22 with a small fraction of 
lubricant inside smooth tubes has been used in automobiles and residential air-
conditioners for almost 60 years. For that reason, the pressure drop of Rl2 and R22 
inside smooth tubes has been investigated commonly. Nowadays, new condensers 
have been designed to work with alternative refrigerants to replace Rl2 and R22 due 
to ozone crises and efficiency requirements. The pressure drop in smooth tubes during 
condensation of refrigerants has been studied by a large number of researchers as a 
comparative value with enhanced ones. 
The usage of helical horizontal micro-fin tubes is the most common passive 
enhancement device for condensers in use nowadays due to their high heat transfer 
performance and moderate increase in pressure drop. Determinations of the heat 
transfer and pressure drop have major significance in design practice. Inaccurate 
calculation of condenser pressure drop can affect not only pumping power 
consumption, but also importantly the heat transfer performance, due to the 
relationship with the local condensing temperature and pressure of refrigerant. 
Numerous researches have been conducted on condensation in micro-fin tubes, as 
comprehensively reviewed by Newell and Shah [98], Cavallini eta!. [63], Liebenberg 
eta!. [99], Haraguchi eta!. [100], Kedzierski and Goncalves [101], Nozu eta!. [102], 
Goto eta!. [103], and Choi eta!. [104]. They proposed correlations on the basis of 
different experimental conditions for prediction of pressure drop. Liebenberg and 
Meyer [ 45] presented an increase of about 200% in heat transfer coefficient in an 8.9 
mm i.d. helical micro-fin tube, compared to that of a smooth tube. However, a large 
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increase in pressure drop of about I 00% compared to a smooth tube was observed due 
to increased vapor velocities; in other words, increased turbulence inside the tube 
compared to a smooth tube. Haraguchi eta!. [100] investigated pressure drop ofR123, 
Rl34a and R22 in a micro-fin tube, and proposed a correlation based on their 
experimental data. Kedzierski and Goncalves [101] condensed R32, Rl25, Rl34a and 
R410A in a micro-fin tube and modified Pierre's [105] correlation to develop friction 
factors to take account of the fin effect on the flow. Cavallini et al. [63] modified 
Friedel's [96] correlation using an equivalent roughness to take account of the effect 
of micro-fins. 
2.8 Condensation inside and outside circular tubes 
Although many investigators had devoted their efforts to study the two-phase 
characteristic of enhanced double tube heat exchangers, their work was mainly 
focused on quiescent vapor condensation, partial condensation, vapor cross flow, or 
in-tube condensation. A detailed review of this is given by Thome [I 06]. Laminar 
film condensation of a quiescent vapor on an isothermal, smooth horizontal tube, 
example as illustrated in Fig. 2.4, has been studied by Thome [106], and may be 
treated approximately by a Nusselt-type analysis. The term quiescent vapor applies to 
a stationary bulk of saturated vapor, condensing on the outer surface of the tube, 
which then drains downwards. This arrangement is used for shell and tube heat 
exchangers with tube bundle configurations. 
Under vapor cross-flow, the above flow modes may be interrupted and the 
condensed liquid carried away by the vapor. The vapor flows in the radial direction to 
the horizontal tube, Rohsenow et al. [I 07]. These liquid columns and droplet jets are 
easily influenced by the vapor under vapor shearing conditions. The vapor's boundary 
layer detaches from the sides of the tube and is sprayed in the flow regime behind the 
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Fig. 2.5: Surface Condensation with vapor cross-flow Rohsernow et al. [107] 
Looking into the in-tube condensation flow for both low vapor and high vapor 
velocities, there is a great similarity between these flow regimes and those of the 
double-tube condenser. For in-tube condensation, the condensate will form all around 
the tube perimeter. As illustrated in Fig. 2.6, film-wise condensation takes place all 
around the inner tube surfaces that drains from the top of the tube towards the bottom 
under the force of gravity, Rohsenow eta!. [107]. This will occur at both low and high 
mass flow rates. The film flow is laminar and primarily downwards when vapor core 
velocity is low. If the vapor shear is sufficient and the onset to turbulence has been 
surpassed, then a turbulent film is formed whose predominant flow direction is axial. 
For the local condensation evaluation, the condensation rate is given as a strong 
function of the variations in vapor quality. Such experimental studies are very useful 
when applied to partial condensation systems, Greco [1 08]. These experimental 
studies rely heavily on test conditions and the control parameters used. Fig. 2. 7 
illustrates the local condensation of R407C in a horizontal double tube heat 
exchanger. Replicating such laboratory work in industrial application of heat 
exchangers is difficult to achieve. Furthermore, predicting the overall condensation 
performance based on local condensation correlation developed by such works 
imposes a heavy penalty in over-predicting the heat transfer characteristic and under-
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Fig. 2.7: Heat transfer coefficient for local condensation of R407C as a 
function of vapor quality at varying mass flow rate, Greco [ 1 08] 
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2.9 Condensation in a vapor compression system 
Considering the current case of condensation of vapor (R-22) flowing on a horizontal 
water-cooled tube for a vapor compression cycle, the state of the refrigerant can be 
divided into three regimes, namely, superheated vapor, condensation and subcooled 
liquid, see Fig. 1.2. It is optimistic to expect a single average heat transfer correlation 
to represent these three regions during condensation in a vapor compression system. 
Nevertheless, these regions have to be treated individually to represents the flow 
regime and phase characteristic during the heat transfer process here. Fig. 2.8 shows 
an example of the various flow patterns in the annulus of a double tube as 
condensation takes place. 
The separation of individual heat transfer resistances from the overall heat transfer 
coefficient of the system is particularly important in obtaining heat transfer 
correlations for the annulus side and tube side. Accurate values of condensation heat 
transfer coefficient and convective heat transfer coefficient are required to obtain 
correlations suitable for designing an augmented concentric double tube heat 
exchanger. Local heat transfer coefficients can be found by direct measurement of the 
temperature drop across the convective film and the condensate film by using 
thermocouples located in the wall of the tube and in the bulk stream. This method 
works well for a single-resistance heated tube for which thermocouples can be 
attached to the tube wall without disturbing the fluid flow in the vicinity of the 
thermocouple. In the design of heat transfer equipment, overall convective or film 
condensation coefficients are usually preferred to local coefficients. Although local 
coefficients can be suitably integrated over the tube length to give the average 
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Figure 2.8: Flow regime in double-tube condenser, Rohsenow et al.[l07] 
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2.10 Hydrodynamic characteristics of single phase flow 
2.10.1 Flow development length 
Most relevant literature on flow development is classical in nature. One of the first 
solutions of a hydrodynamic entry length problem for laminar flow in concentric 
annular ducts was obtained by Murakawa [109). The result, which involved an infinite 
series of Bessel functions, only partially satisfied the boundary conditions. Shah and 
Famia [110] employed the finite difference method to analyze the continuity equation 
and the boundary layer momentum equation for axially symmetric flow for concentric 
annuli. Their data is presented graphically/ .Re and{appRe as a function of x + for r* = 
0, 0.005, 0.1, and 1.0. Liu [111] tabulated these results for r* = 0, 0.05, 0.1, 0.5, 0.75, 
and 1.0. The data is also presented as a graph in Figure 2.9. The numerical solution of 
Shah and Famia [ 11 0] is believed to be the most accurate according to a review by 
Shah and London [112]. The following observations can be made from Figure 2.9: 
I. For different concentric annuli, the .fappRe factors are in excellent agreement 
with each other for r* > 0 and x + < 0.01. 
2. .fappRe factors for the circular tube (r* = 0) are consistently low, even for low 
values of x +_ This may be due to different boundary conditions employed at 
the centerline of a circular tube (maximum velocity) with r*-70 and of a 
concentric annular duct. 
3. .fappRe factors for concentric annular ducts with r* > 0.5 are virtually the same 
as those for parallel plates even up to x + = 0.1. The friction factor, .fappo is 
expressed by : 
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Fig. 2.9: Concentric annular ducts:fappRe for developing 
laminar flow, Liu [111] 
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0.1 
In industrial applications, consideration is g1ven for both developing and fully 
developed flows, rather than only focusing on fully developed flow problems. Several 
solutions for the entrance length have been presented in the literature. Integral 
methods generally have been used, and the problem is basically similar to the 
development of boundary layer on an external surface. However, the turbulent 
boundary layer development is very strongly influenced by the characteristics of the 
tube entrance. If the tube has a well-designed nozzle entrance such that the velocity 
profile is close to uniform at the tube entrance, the hydrodynamic development length 
behavior will be close to the predicted value. However, this is a laboratory condition 
that is seldom encountered in real industrial applications, for which experimental 
results are relied upon heavily for actual applications (double-tube heat exchangers 
with tube assembly fittings). 
An extensive experiment for Reynolds number close to 50,000 was carried out by 
Boelter et a!. [113] using air (Pr "' 1.0) through a steam-heated tube in which the 
steam jacket was sectioned in such a way that the local heat transfer at each section 
could be determined from a measurement of the condensate rate. Ratio of the local 
Nusselt number to the fully developed Nusselt number plotted as a function of x/D is 
illustrated in Figure 2.1 0. What is important is the fact that all curves for bends and 
abrupt expansion lie substantially above the curve for fully developed velocity profile. 
Though this work refers to thermal entry length, it is quantitatively valid or 
hydrodynamic entry length since the Prandtl number of air is close to I. 
Flow development in turbulent flow was given by Takase [114] who conducted a 
detailed analysis of an enhanced annulus on the fully developed flow region in a 
spacer-ribbed annulus. The variations in the friction factor of a spacer-ribbed annulus, 
fsp, with x/D for several Reynolds numbers is shown in Figure 2.11, carried out under 
isothermal conditions. The results show that for all Re > 2800 the flow reaches full 
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Fig. 2.11: Variations in friction factor with x/D in spacer-ribbed 
annulus, Takase [114] 
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2.1 0.2 Friction factor for fully developed flow for circular tube 
The product of the Fanning friction factor and the Reynolds number for fully 
developed laminar flow in a circular duct is given by Langhaar [115] as: 
( f,traight ,circular) Re = 16 /an mar 




(1.58log(Re )- 3.28 Y 





The Reynolds number (Re), defined on the basis of the hydraulic diameter (Dh), is 
widely adopted to identify the flow status such as laminar, turbulent, or transition 
flow. A number of experimental investigations have been performed to ascertain the 
critical Reynolds number at which laminar flow transits to turbulent flow. It has been 
found by Pfenniger [ 117] that the transition from laminar flow to fully developed 
turbulent flow for circular smooth pipes occurs in the range of 2300 :'0 Re :'0 104 Flow 
in this region is termed as transitional flow. Conservatively, the lower end of the 
critical Reynolds number is set at 2100 in some applications. Generally, the duct 
internal configuration and the surface roughness have a significant effect on the value 
of Re,. Other factors, such as noise, vibration, and flow pulsation will affect Re, as 
well. However, flow in the transitional region is difficult to predict. The transition 
criterion from laminar to turbulent flow is determined from experimental work. 
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2.10.3 Fully developed/low for annulus 
For a concentric annular duct with an inner dimension of ri and outer dimension of r0 , 
as illustrated in Fig. 2.9, the friction factor for fully developed laminar flow is given 







r,n = 2ln(llr*) 
and 
* r 




To establish the entry length for the tube side and the annulus in the case of the 
EXTEK (Twisted Multi-Head) tube, the results and data were utilized from Teoh 
[ 118] who carried out a preliminary CFD simulation to investigate the flow 
development length in a twisted EXTEK tube similar to the present EXTEK tube 
geometry. This simulated approach was adopted because of the complexity of the 
twisted tube profile which presents difficulty in attaching pressure tapping points for 
the tube and annular side flow development test, Fig. 2.12 and Fig. 2.13. 
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Fig. 2.13: Velocity distribution in EXTEK tube-side, Teoh [118] 
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The helical swirl flow pattern in the EXTEK tube is similar to the flow observed 
during flow swirl generators (twisted tape inserts). The velocity distribution of the 
tube side flow is different from that of laminar flow or turbulent flow in a circular 
tube. This effect is also observed along the tube length and the flow remains a mixed 
flow. As such, it is determined that the flow is constantly disturbed, so that fully 
developed flow never takes place. The conventional flow development length and 
velocity distribution observed in the plain and enhanced double tube does not appears 
to be present in the EXTEK tube and annular passage. Both the annular passage and 
tube side flow depicts a similar helical swirl flow pattern. 
2.11 Thermal performance in single phase flow 
2.11.1 Wilson Plot Test 
Following the original work by Wilson [119] the term "Wilson plot" has come to be 
used for various related approximate methods for determining the relationships 
between the temperature difference and heat flux for either side of a heat exchanger 
from measurements of the overall temperature difference between the two fluids and 
the heat-transfer rate between them. This avoids the often difficult and expensive task 
of measuring the temperature of the wall separating the fluids. The essence of all 
Wilson plot techniques is that the fonn of the relationships between Q and .6. T for the 
two sides of the heat exchanger are known apart from the values of certain constants, 
i.e. for each side we can write expressions relating Q and .6. T which involve unknown 
constants to be found from overall measurements. In the simplest case the heat-
transfer coefficient on one side might be taken to be constant for a given set of 
experimental data. Use of dimensionless parameters enables variable fluid property 
effects to be taken account of. 




where h0 and h1 represent the average outside and inside heat transfer coefficient, and 
Rw denotes wall resistance and is given by Rw =Ow/ kwAw . In the present calculation, 
the overall resistance is based on the outer surface area, which is evaluated as 1rdaL, 
where do is the outer diameter of the inner tube. Note that the inside heat transfer 
coefficient is based on nominal inside surface area ( 1rd1L ). The properties for both 
streams were calculated using the average of the inlet and outlet bulk fluid 
temperatures. 
With a simple linear regression, the slope of the resulting straight line is equal to 
1/C;. The interpretation of Equation (2.8), which has the linear form, Y = mxX + b, if 
Rw and ho are constant, is the basis of the Wilson Plot method. In this arrangement, 
both the annulus heat transfer coefficient and the total heat transfer through the 
system will be constant. Equation (2.8) can then be used to generate a straight line 
graph which describes the overall heat transfer process across the double tube when 
the coolant temperature and mass flow rates changes but quantity of heat transfer is 
constant. As a consequence of this, the internal heat transfer coefficients are balanced 
at different values so that while the overall heat transfer coefficient varies, the overall 
heat transfer and annular side heat transfer coefficient remain unchanged. Given such 
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Fig. 2.14: The Wilson Plot- general features, Wilson [119] 
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2.11.2 Colburnj~factor plot 
The Stanton number (St) can be interpreted as being proportional to the temperature 
change in the fluid divided by the convective heat transfer driving potential. When the 
axial fluid heat conduction is negligible, St is frequently preferred to Nu as a 
dimensionless modulus for the convective heat transfer correlation. This is because it 
relates more directly to the designer's task of establishing the number of exchanger 
transfer units NTU. Moreover, the behavior of St vs. Re parallels that of the Fanning 
friction factorfvs. Re, as illustrated by Figure 2.15. The analysis by Shah [120] is 
given in terms of modified St or the Colbumj-factor as, 
j=St·Pr213 (2.9) 
The Nusselt number is related to Stanton, Prandtl, and Reynolds number as follows: 
Nu =St·Pr·Re (2.1 0) 
This relationship holds true for variations in flow passage geometry, boundary 
condition, and flow types. Equation (2.1 0) illustrates the relationship between friction 
factor and the) factor, as shown by Shah [120]. 
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2.12 Thermal performance in two phase flow 
2.12.1 Overall average condensation 
Although many investigators had devoted their efforts to study the two-phase 
characteristics of enhanced double tube heat exchangers, their studies were mainly 
focused on quiescent vapor condensation, partial condensation, vapor cross flow, or 
in-tube condensation. A detailed review of this is given by Thome [I 06]. 
Laminar film condensation of a quiescent vapor on an isothermal, smooth 
horizontal tube, treated approximately by a Nusselt-type analysis, has been studied by 
Thome [I 06]. The term quiescent vapor applies to a stationary bulk of saturated 
vapor, condensing on the outer surface ofthe tube, which then drains downwards, Fig. 
2.4. This is typical of a shell and tube heat exchanger assembly or with tube bundle 
configurations. 
Under vapor cross-flow, the quiescent condensation modes may be interrupted 
and the condensed liquid carried away by the vapor. The vapor flows orthogonal to 
the axis of the horizontal tube, Rohsenow et al. [107]. These liquid columns and 
droplet jets are easily influenced by vapor shearing conditions. The vapor's boundary 
layer detaches from the sides of the tube and breaks down the liquid boundary layer 
which is sprayed in the flow regime behind the tube, resulting in very thin liquid films 
on the tube. Looking into the in-tube condensation flow for both low vapor and high 
vapor velocities, there is a great similarity between these flow regimes and those on 
the annulus of the double-tube condenser. For in-tube condensation, the condensate 
will form all around the tube perimeter [121, 122]. Film-wise in-tube condensation 
takes place all around the inner surfaces and the liquid drains from the top of the tube 
towards the bottom under the force of gravity. This will occur at both low and high 
mass flow rates. An experimental work by Greco [I 08] concluded that the film flow is 
laminar and primarily downwards when vapor core velocity is low. If the vapor shear 
is sufficient and the onset to turbulence has been surpassed, then a turbulent film is 
formed whose predominant flow direction is axial. 
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The Reynolds number of the vapor is to be evaluated at the tube inlet conditions 
using the internal tube diameter as the characteristic length. Average heat transfer 
coefficient for condensation in a smooth horizontal tube at high vapor velocity is 
given by Akers and Rosson [123] as: 
(2.11) 
R ( p,V,.d; J 35 000 valid for e vapour = > ' 
Jlv inlet 
In this turbulent flow regime the heat transfer coefficient increases with liquid 
flow rate but is independent of temperature difference. A review in the use of the 
same form of turbulent vapour flow for condensation in smooth annular side is given 
by Akers and Rosson [123]. The Reynolds number is evaluated using the equivalent 
hydraulic diameter based on heat transfer perimeter. Data obtained from experiment 
does not agree well with prediction. Force fitting this coefficient to arrive at an 
average heat transfer coefficient is correlated to around +50% by Akers and Rosson 
[123]. A good correlation for average condensation heat transfer coefficient for 
enhanced annulus is currently not available in present literature. 
2.12.2 Mean local condensation 
Mayhew eta!. [124] and [125] attempted to expand the classical Nusselt's approach to 
take account of vapor friction as well as momentum drag. South and Denny [ 126] 
proposed an interpolation formula for the interfacial shear stress in a simplified 
manner as done by Mayhew eta!. [124] and [125]. However, such an interpolation 
formula only led to a small difference in the heat transfer rate. Jacobs [127] used an 
integral method to solve the boundary layer by matching the mass flux, shear stress, 
temperature and velocity at the interface. The inertia and convection terms in the 
boundary layer equations of the liquid film were neglected. The variation of the 
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physical properties and the thermal resistance at the vapor-liquid interface were also 
neglected. Since Jacobs [32] used an incorrect boundary condition for the vapor 
boundary layer, Fujii and Uehara [128] solved the same problem with the correct 
boundary condition. In addition, the velocity profile in the vapor layer was taken as a 
quadratic. They presented the numerical results and their approximate expressions for 
the cases of free convection, forced convection, and mixed convection. 
The results show good agreement with numerical calculations and with 
approximate solution by Cess [129]. The current recommendation in this area is the 
model developed by Cess [129] as a best estimate. One should be cautious as the 
Nusselt number increases because this implies a higher vapor and film flow with 
accompanying film turbulence, not accounted for in these models. For design 
purposes the recommendation is to use Nusselt laminar film model, Equation (2.11 ), 
since it will predict a slightly lower heat transfer coefficient as a result of a thicker 
condensate film. 
(2.13) 
For a tube, L is replaced by the tube diameter, D, and the coefficient 0.943 
becomes 0. 725. This model had been extended to include the effects of Nusselt's 
assumptions. In particular, Bromley [ 130] considered the effects of sub-cooling within 
the liquid film and Rohsenow [ 131] also allowed for a non-linear distribution of 
temperature through the film due to energy convection. 
2.12.3 Experimental work on moving vapor 
Mayhew and Aggarwal [132] experimented with pure steam condensing on a flat 
surface. To avoid air in-leakage, the experiments were carried out at pressures slightly 
above atmospheric. Good agreement is obtained between the experimental results and 
the calculated values by their own theory. The condensation coefficients obtained for 
the counter-current flow cases are always appreciably higher than those predicted by 
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the author's own model and always higher than those for the corresponding co-current 
velocity vapor values. 
An obvious explanation was provided by dye-injection tests which showed that, 
with counter flow, no laminar film flow could be achieved. The film was tom off the 
plate (i.e. flooding occurred at quite moderate values of vapor velocity. Similar 
observations with parallel flow confirmed that the film was always both laminar and 
smooth. From work on condensation in the presence of non-condensing films, it was 
expected that rippled flow would be encountered over part of the surface at the higher 
velocities used. In fact remarkable smooth films were observed suggesting that mass 
transfer, and possibly also surface tension effects on the non-isothermal film, must 
have had a stabilizing effect. More recently Asano and Nakano [133] reported their 
data for the condensation of pure saturated vapors on a vertical flat copper plate and 
showed good agreement with the authors' own model. 
Dallmeyer [134] studied condensation ofCC14 and C6H6 on a vertical plate in the 
presence of air. The results showed that heat transfer rates increased with Reynolds 
number and vapor concentration. Dallmeyer [134] performed detailed measurements 
of the velocity, temperature and concentration profiles near the wall with laminar and 
turbulent flow. Measured profiles illustrated the apparent suction effect of the 
condensation that increases the gradients near the wall and thus leads to higher heat 
and mass transfer rates in the laminar flow region. Condensation process and, in 
particular, high condensate mass fluxes were observed to dampen the turbulence level 
in the turbulent region. 
2.12.4 Condensate film in enhanced surface 
Several studies have been done to address the effect of condensate film characteristics 
on the heat transfer rates. The condensate film characteristics depend on its flow field 
and the nature of the condensing surface, e.g. roughness, wetting and orientation. 
Forced flow induces interfacial instabilities that increase the heat transfer rates by 
reducing the thickness of vapor phase laminar sub-layer and enhancing the mixing of 
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both the liquid (condensate film) and vapor phase, Barry [135]. Correlations for 
simple geometries are available in open literature for condensation. When the surface 
enhancement becomes more complex and affects the nature of condensate removal 
from the surface, the available correlation and analytic solutions start to deviate from 
experimental results. These give rise to the need to perform fundamental experiments 
for new enhancement geometries, viz., Turbo-C and EXTEK enhanced tubes. The 
presence of a turbulent vapor mixture (natural or forced convection) or a 
wavy/turbulent film interface complicates the analysis even for simple geometries. 
2.13 Rationale of the research 
The rationale of the present work anses from the following major differences as 
compared to previous studies: 
I. Condensation occurs in the annulus of enhanced concentric double tube heat 
exchanger. 
2. Two new types of enhancement profiles, Turbo-C (Copper Top Cross) and 
EXTEK (Twisted Multi-Head), are studied for their hydrodynamic and 
thermal characteristics for the double tube configuration with the test section 
as inner tube. 
3. These tubes are designed for both condensation and evaporation processes 
which are typical in heat pump units. 
4. Laminar to turbulent flow mapping is done for the annulus and tube side flow. 
5. Overall and local condensation coefficients are based on the average vapor 
fraction in the annulus into which vapor shear and condensate inundation are 
embedded. The current study presents flow condensation, for plain and surface 
enhanced tubes which are designed for double tube application. 
6. The test is conducted for the typical application range of a vapor compression 
cycle. 
Thus, with the above mentioned motivation, the objective of the current research 
is to characterize the single phase thermal and hydrodynamic performance as well as 
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the overall and local average condensation performance of the Turbo-C and EXTEK 
tube for the desired application. The enhancement effect of the Turbo-C and EXTEK 
tubes is studied by comparison with a plain double tube. 
2.14 Summary 
In this chapter, a rev1ew of literature related to the topic under investigation is 
presented. The literature survey is detailed to cover the research methodology and the 




TEST FACILITY AND METHOD OF DATA ANALYSIS 
3.1 Overview 
This chapter presents the details of the experimental set-up including the ng, 
instrumentation of the seven different test procedures, data acquisition, data reduction 
and estimates of uncertainties. 
3.2 Test Methodology 
3.2.1 Flow development length 
The test for the flow development length is in accordance with Equation (2.1) where 
.fappRe is plotted as a function of x + for laminar flow and as a function of x/D for 
turbulent flow. A validation test was performed for plain annulus flow, both laminar 
and turbulent. The results of the validation test are compared with data from Liu 
[111]. The test is then continued for the test specimens, Turbo-C (Copper Top Cross) 
and EXTEK (Twisted Multi-Head). 
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3.2.2 Frictionfactor 
The test for the friction factor is in accordance with Equation (2.4) where .f is plotted 
as a function of Re for laminar and turbulent flow. Validation tests are performed for 
plain tube and annulus side; this is for both laminar and turbulent flow. The results of 
the validation test are compared with the coefficient from Langhaar [ 115], Filonenko 
[116] and Shah and London [112]. The test is then continued for the test specimens. 
3.2.3 Single phase heat transfer test sequence 
These experiments start with the Wilson plot test for the inner tube. This is done with 
the annular flow rate held constant and the inner tube flow varied through a range of 
flow rates. The flows on both sides are maintained in the turbulent region while the 
total heat flux through the system is held constant. After obtaining the turbulent flow 
correlation for the tube side, a series of tests is conducted to obtain the tube and 
annulus side heat transfer coefficients for laminar and turbulent region. ·This test 
series is called Colburn)-factor test due to the application of the Colburn)-factor plot 
to evaluate the test results and the relationship between friction factor and Nusselt 
correlation. 
I. Wilson Plot Technique 
• Obtain the Tube side heat transfer coefficient (Turbulent region) 
2. Colbumj-Factor Test (Annular Side Heat Transfer Coefficient) 
• A series of heat transfer tests with tube side flow held constant at turbulent 
region and annular side flow varied from laminar to turbulent region 
• Tube side heat transfer coefficient from the Wilson Plot Technique is used 
for turbulent region 
• Annulus side heat transfer coefficient is evaluated and the Nusselt number 
andj-factor are obtained and plotted against Reynolds number. 
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• Nusselt number correlations for the annulus side laminar and turbulent 
region are deduced from the results 
• Thej-factor versus Replot should be parallel to thefversus Replot obtained 
for the annulus side. 
3. Colburn}-Factor Test (Tube Side Heat Transfer Coefficient) 
• A series of heat transfer tests with annulus side flow held constant at 
turbulent region and tube side flow varied from laminar to turbulent region 
• Annulus side heat transfer coefficient from the previous test is used for 
turbulent region 
• Tube side heat transfer coefficient is evaluated and the Nusselt umber and 
}-factor are obtained and plotted against Reynolds number 
• Nusselt correlations for the tube side laminar and turbulent region are 
deduced from the results 
• Thej-factor versus Replot should be parallel to the/versus Replot obtained 
for the tube side. 
After sufficient time is allowed for steady state condition to be established, the 
inlet and outlet temperatures and flow rates of both fluids are recorded by means of 
the data logger. It is important to ensure that the energy balance error between the 
tube and annulus sides is at a satisfactorily low level. A high level of accuracy in the 
experimental data is thus maintained. More than 95% of the data points exhibited an 
energy balance error of less than 3% between the inner tube and annulus flows. A 
Reynolds number range, based on hydraulic diameter, of I ,000 to 50,000 is covered in 
the experiments performed on the test sections. Suspicious data points are 
reexamined during the analysis process to increase the final accuracy. 
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3.2.4 Two-phase test configurations 
The Double-Tube condenser configuration used in this study is a one-pass, single-
track system. The single-track system means that only one test section and one 
refrigerant compressor is installed in the system for individual testing. The test facility 
could also be configured to have a multi-pass, multi-track system where both of the 
plain and enhanced Double-Tube condenser and all three refrigerant compressors can 
be in parallel and operated individually. This method was not considered for the 
reason that the refrigerant charge for each individual compressor is different and such 
a system configuration poses difficulty in maintaining the desired control parameters. 
As such the refrigerant compressor is installed with built in oil separator. 
The refrigerant passes through the double-tube condenser only once as it travels 
from the high-side (compressor discharge line) to the low-side (compressor suction 
line). The single-track and single-pass system makes it possible to obtain one 
successful data point every time the facility is operated. If the operating conditions 
such as refrigerant mass flow rate or compressor discharge pressure are varied (non-
geometric variables), it is possible to obtain additional data points without changing 
the test specimen or compressor. The use of the Electronic Expansion Valve (EXV) 
allows us to do this. Use of a conventional expansion device here such as the capillary 
tube will require additional work where the refrigerant circuit will have to be 
vacuumed, leak tested and recharged for the individual length of capillary tube needed 
to throttle the refrigerant flow. The two main variable components in this test facility 
are the test section and the refrigerant compressor. The facility is designed and 
installed with valves and fittings for both the refrigerant medium and the cooling 
water. This is to allow for quick and easy replacement of the test section and/or 
refrigerant compressor. Each refrigerant has an individual range of refrigerant flow 
rate, depending on the amount of refrigerant charge and compressor suction and 
discharge pressure. Three types of refrigerant compressor were chosen (I hp, 2 hp, 
and 3hp) to provide a wide range of refrigerant mass flow rates. 
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3.2.5 Two-phase data measurements 
One of the most important parameters m determining heat transfer coefficients 
accurately is the measurement of the heat transfer rate of the cooling water. The heat 
transfer rate in the test section, Q, was determined by a simple energy balance 
equation as follows: 
(3.1) 
where mw, Cpw, Tw0 , Tw1 are the mass flow rate, specific heat, and temperature of the 
cooling water at the outlet and inlet of the tube, respectively. With a low mass flow 
rate, the temperature rise of the cooling water across the tube would be quite high 
resulting in a severe temperature gradient along the test tube. To prevent this from 
happening and to maintain as uniform a temperature on the surface as possible, the 
mass flow rate should be fairly large. For this case, the temperature rise of the water 
would be about 1-2°C and hence the temperature difference between the outlet and 
inlet of the tube should be measured accurately. Otherwise, a large error can easily 
occur. To tackle this difficulty, a set of RTDs of 0.05% accuracy was employed to 
measure the temperature difference directly. 
Surface temperatures of the condensation section should be measured in order to 
determine the heat transfer coefficient. However, if thermocouples (TCs) were to be 
attached to the surface, the surface conditions would be altered resulting in erroneous 
data. The small annular passages also pose difficulty in having TCs in the refrigerant 
flow path. One way of resolving this difficulty would be machining a thick wall tube 
from copper rod with small holes drilled 1-2 mm beneath the surface in the 
longitudinal direction as done by Bergles [1]. This method is very good for plain 
tubes but still has the problem of machining fins on the surface for the enhanced tubes 
of various geometries. Since there would be a temperature drop from the condensation 
surface to the wall on the fluid side and a further temperature drop to the fluid bulk, a 
1-D radial conduction steady-state equation, was applied to determine its magnitude. 
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3.3 Double tube enhancement 
This study will investigate two types of tube enhancements, i.e. surface enhancement 
and tube profile enhancement. The test section Turbo-C, described in Fig. 3.1, denotes 
Copper Top Cross (CTC) surface-enhanced tube whereas the test section EXTEK, 
described in Fig 3 .2, denotes Twisted Multi-Head profile enhanced tube. Additional 
straight plain double tube was also tested for test validation and comparison. 
Turbo-C tube is a new design of heat transfer tube for condensation and 
evaporation on the outer surface, Fig. 3.1. It has an excellent heat transfer coefficient 
with fins having a special shape ideal for condensation. It is different from a 
conventional integral finned tube which simply increases surface area. This tube is 
suitable for use with high viscosity refrigerants. Dimensional details of the Turbo-C 
and test section are given in Table 3 .I 
The EXTEK Twisted Multi-Head tube used in this work consists of an inner 
EXTEK twisted copper pipe, as shown in Fig. 3 .2, and an outer plain steel pipe. The 
EXTEK tube uses the twisted tube extrusion profile to induce helical swirl flow in 
both the tube and the annulus. This swirling helical flow pattern will constantly 
interrupt the boundary development. The high rate of heat transfer occurring in the 
boundary development region will enhance the performance of this type of double 










Fig. 3.2: The EXTEK Twisted Multi-Head tube (a) view (b) dimensional details 
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Table 3.1: Data and dimension of Turbo-C Copper Top Cross [TC 223304] 
DATA, (Turbo-C) UNIT 
1 Diameter of Plain End 22.22 mm 
2 Number of fins/inch 33 
3 Height of fin 1±0.05 mm 
4 Bottom thickness 1.2±0.1 mm 
5 Thickness of Plain End 1.5±0.1 mm 
6 Length of Test section 2.78 m 
7 Pitch of fin 0.75 mm 
8 Pitch of corrugation 5±0.38 mm 
9 Depth of corrugation 1±0.1 
10 Area of heat transfer, outside 0.1770 m2/m 
II Area of heat transfer, inside 0.0559 m2/m 
DATA, (Outer Steel Tube) 
I Tube outer diameter 28.5 mm 
2 Tube inner diameter 26.2mm 
3 Wall thickness 1.3 mm 
61 
Table 3.2: Data and dimension of EXTEK (Twisted Multi-Head) 
DATA, (Inner EXTEK Tube) UNIT 
I Tube outer surface area 0.095222 m2/m 
2 Tube inner surface area 0.086488 m2/m 
3 Outer perimeter of the tube profile 87.410 mm 
4 Inner perimeter of the tube profile 79.410 mm 
5 Length of the tube section 0.7m 
6 Tube wall thickness 1.299mm 
7 Tube flow area (cross section) 187.5 mm2 
8 Wall surface area (cross section) 103.7 mm2 
DATA, (Outer Steel Tube) 
-
I Tube outer diameter 25.6mm 
2 Tube inner diameter 23.0 mm 
3 Wall thickness 1.3 mm 
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3.4 Experimental apparatus 
The experimental set-up is described in detail m consonance with the respective 
methodology given in Chapter I. 
3.4.1 Flow development length 
The details of the experimental set-up used to obtain the correlations for both laminar 
and turbulent flows in the annular passage are presented schematically in Fig. 3.3. The 
system used in this study is an inverter-controlled single-track system. This means 
that the water flow can be set to the desired flow rate by adjusting the water pump 
input frequency. This gives an added advantage that the system can allow for 
repeatability of any test sequence with good precision. The facility is designed and 
installed with valves and fittings at both entrance and exit of the test section. This is to 
allow for quick and easy replacement of the tested specimens. The temperature of 
water is controlled by the immersion water heater in the water tank. The fluid from 
the test section goes through the brazed plate heat exchanger before returning to the 
water tank. The brazed plate heat exchanger acts as a heat sink to the system and is 
connected to a Water Chiller unit. The fluid flow rate, temperature and pressure drop 
across the test section are recorded in the data logger. The test section has 15 pressure 
taps at 50mm intervals. The first pressure tap is connected to the differential pressure 
transmitter (DP) high-side connection port. The rest of the pressure taps are fitted with 
ball valves and are all connected to the pressure tapping distributor. The outgoing 
pressure tapping from the pressure tapping distributor is then connected to the DP low 
side connection port. This allows multiple data points (differential pressure readings) 
to be obtained during each flow rate setting. The ball valves and pressure tapping 
distributor allow this to be done for all test conditions. The experimental set-up, 
instrumentation and test procedure was made in accordance to ANSVASHRAE 
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Fig. 3.3: Flow development length test set-up 
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3.4.2 Frictionfactor 
The friction factor test set up was designed to obtain isothermal friction factor 
correlations for both inner tube and annular passage. The test fluid temperatures at the 
inlet and outlet of the test section remain equal. The system used in the friction factor 
test is an inverter controlled single-track system and the test section is insulated so as 
to avoid thermal interactions with surroundings. Use of a bypass valve to control the 
water flow rate will introduce flow instability in the lower Reynolds Number region. 
This is avoided by using an inverter motor controller for the water pump. The 
experiment was carried out using water as a flow medium in both inner tube and 
annular passage. Fig. 3.4 illustrates the test set up for the friction factor test. 
The fluid circulation from the tank to the test section is set at the desired flow rate. 
The fluid temperature is controlled by an immersion water heater in the water tank. 
The fluid flow rate, temperature and pressure drop across the test section are recorded 
in the data logger. The fluid from the test section goes through the Brazed Plate Heat 
Exchanger before returning to the water tank. The Brazed plate Heat Exchanger 
(BPHE) acts as a heat sink to the system and is connected to a Chiller unit. This 
friction factor test section has two pressure tappings (high side and low side). The 
pressure tapping is made after the maximum flow development length required for 
laminar and turbulent flow. The test sequence was repeated for fluid temperatures of 
20°C, 30°C and 40°C. This was to detect the presence of air bubbles in the system 
(particularly in the differential pressure gauge). The experimental set-up, 
instrumentation and test procedure were made in accordance to ANSI/ ASHRAE 
Standard 37 [136]. 
65 
Data ~ Logger 
1 Test Specimen ~ r-- l w 
Volume F1ow 
" 
'------! Meter ~~ ~ 
., •. ,,-~.' 
·r• BPHE 








Brazed Plate Heat Exchanger 
Differential Pressure Transmitter 
Resistance Thermal Detactor 
Water Pump 
Inverter Controller 
Volm:ne Flow meter 




3.4.3 Wilson plot & Colburnj-factor 
A schematic representation of the test facility is as shown in Fig. 3.5. Three different 
concentric double tube heat exchangers, each with a different annulus surface and 
profile, were used during the experimental investigation. Each heat exchanger was 
operated in a counter flow arrangement with hot water in the annulus and cold water 
in the inner tube. The usual method to keep the double-tube concentric is by 
employing radial supporting metal pins along the length of the heat exchanger. This 
method however could not be applied here because of the small annular clearance of 
approximately 2mm (a= 1.18 for Turbo-C annulus and a= 1.1 for EXTEK annulus). 
Support pins located along the annulus axis could restrict the flow of the medium. The 
recommended annulus clearance requirement for installing annular support pins is 
given by Dirker and Meyer [137] as a > 1.5. As such, the test specimens were 
assembled without supporting pins. 
Temperature measurements were facilitated by means of Resistance Temperature 
Detector (RTD- PtlOO) at the entry and exit of the flow path. The entire test section 
and RTD measuring points were sufficiently insulated by Superlon pipe insulation 
and polyurethane enclosure to avoid heat loss to the ambient. Temperature data were 
captured with the aid of a data logger. Volumetric flow rates were measured by using 
YOKOGAWA magnetic flow meters. The flow meters were installed upstream of the 
test section. By allowing a straight section of lm before entering the flow meters, the 
flow disturbance patterns generated at tube bends and fittings were decreased. This 
ensured more accurate flow measurements. The experimental apparatus consists of 
two circulating water loops, i.e. the cold side and hot side. The cold side water is 
pumped from the water tank through the centrifugal pump and the flow meter before 
entering the inner tube of the test section. Heat picked up from the test section is 
dispersed to the chiller unit through the brazed plate heat exchanger. The water 
temperature to the test section is controlled by the submerged water heater. Similarly 
the hot side water flow uses the same orientation, except for the absence of the heat 
sink. The experimental set-up, instrumentation and test procedure was made in 




""' Eij-- ~?I 
Water Tank 
Volwne Flow & Heater 
Meter 
Data = 
Logger ["@- r 
= Test Specimen Q1 -~ \!/ 













Brazed Plate Heat Exchanger 
Resistance Thermal Detactor 
WaterPwnp 
Inverter Controller 
Volwne Flow meter 
Chiller 
Unit 
Fig. 3.5: Single phase heat transfer test set-np 
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3. 4.4 Condensation (local average and overall average) 
Fig. 3.6 shows the schematic diagram of the experimental apparatus. The test set-up is 
designed for investigation of both local condensation heat transfer coefficient as well 
as overall average condensation heat transfer coefficient. The facility is composed of 
the refrigerant and water loops. The refrigerant vapor is delivered to the test section 
by the vapor compressor. For the local condensation test, the refrigerant exits the 
compressor as superheated vapor and enters the pre-condenser where it is partially 
condensed. The quality of the vapor at the test section entrance is controlled by the 
heat transferred by the cooling water at the pre-condenser. The test section is a double 
tube heat exchanger with refrigerant in the annulus and cooling water on the tube side. 
The exit condensate and the uncondensed vapor enter a post-condenser so as to 
complete the condensation process. The condensate flows through the expansion 
valve and evaporator to complete the vapor compression cycle. For the overall 
average condensation test, the pre-condenser and post condenser sections are turned 
off. The refrigerant enters the test section as superheated vapor and exits as subcooled 
liquid. 
The cooling water for the pre-condenser, test section, post-condenser and 
evaporator is supplied by independent water loops as shown in the figure with the 
capability of controlling the temperature and the flow rate. Instruments are located at 
various points to keep track of the state of the refrigerant. All signals from the 
thermocouples, RID's, pressure transducers, water flow meters and refrigerant mass 
flow meters are recorded by a data logger. To avoid heat exchange with the 
surroundings, the whole assembly, including the test section, is well insulated. The 
test set-up, instrumentation and test procedure were made in accordance to 
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Fig. 3.6: Two-phase heat transfer test set-up 
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Condensation heat transfer is affected greatly by the non-condensable gases 
present in the system and hence degassing is an important process for the precise 
measurement of the experimental work. For this purpose, the following experimental 
procedure is followed: 
I. Nitrogen is charged to the refrigerant loop up to 2500 kPa and, once the 
pressures stabilize, it is monitored for one hour to ensure that the system is 
free from leak. 
2. A vacuum pump is turned on for a few hours to take out all gases at a vacuum 
pressure of 86 kPa. 
3. The refrigerant for the test is charged to the system and the test is commenced. 
4. Desired wall subcooling and test section saturation temperature was 
maintained by controlling the mass flow rate and temperature of the test fluids. 
5. All variables are sampled under steady-state condition every 2 seconds which 
is averaged over I 0 minutes. The steady-state condition is achieved when the 
data fluctuation stabilized to ± 3% of reading, monitored and recorded from 
the data logger trending plots. 
6. The saturation temperature is varied over 40, 45, & 50°C, and the wall 
subcooling is varied from 4 to l6°C in intervals of I °C. 
7. When the test section is changed, the same steps of ( 1-6) are repeated. 
3.5 Instrumentation and data acquisition 
The data acquisition system (DAS) consists of a data terminal, DXI 000 Yokogawa 
Hybrid Recorder with 20 channels, and DAQSTANDARD DxViewer-E program. 
The measurement devices include T type thermocouple, resistance temperature 
detector (RID), pressure transducers, volume flow meter, and Coriolis mass flow 
meter. The DAS continually monitors these measurement devices. The monitoring is 
done by the DXIOOO Yokogawa Hybrid Recorder which acquires data at one second 
intervals. The Display can be either digital or data flow pattern, which helps to show 
the system stability once the desired condition has been achieved. The output file of 
the data is stored in a user defined file, which is easily obtained and transferred to 
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softcopy or hardcopy. The Coriolis mass flow meter measures the mass flow of the 
refrigerant vapor. The refrigerant pressure is measured using Hawk PT -14 capacitance 
pressure transducers with a range of 0-350 psig. Refrigerant temperature is measured 
by attaching the T type thermocouple on the surface of the copper tube. In order to 
ensure the accuracy of this measurement, the tube was insulated well to minimize heat 
losses from the tube to the surroundings. The locations of the pressure and 
temperature tappings are illustrated in Fig. 3.3 to 3.6. Condenser water temperature at 
the inlet and outlet of the test section is measured by RTD. The specifications of the 
measurement devices are given in Table 3.3. 
Table 3.3: Specifications of measurement devices 
Measurement Device Specification 
Volume Flow Meter 
Model No : AXF015G-D2ALJS-BA11-21B Range 0-2.5 m3/hr 
Description : Magnetic Flow Meter Accuracy ±0.2% 
Maker YOKOGAWA Resolution: 0.01 m3/hr 
Pressure Transducer 
Model No : PT-14 Range 0-350 psig 
Description : Pressure Transducer Accuracy ±0.5% 
Maker HAWK Gauge Co. LTD. Resolution: 0.01 psi 
RTD 
Model No Pt-100 Range 0-100°C 
Description : Resistance Temperature Detector Accuracy ±0.05% 
Maker CHINO Resolution : 0.05°C 
Mass Flow Meter 
Model No : RCCS34 Range 0-200 kg/hr 
Description : Coriolis Mass Flow Meter Accuracy ±0.5% 
Maker YOKOGAWA Resolution : 0.01 kg/hr 
TC and Display 
Model No : T Type Range -200 -400°C 
Description : Thermocouple, Cu- Cu-Ni Accuracy ±0.25% 
Maker VANCO PTE. LTD. Resolution : 0.1 °C 
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3.6 Data reduction 
3.6.1 Wilson Plot and Colburnj-Factor 
The overall thermal resistance is evaluated from 
u = Q 
0 LMTDA0 
(3.2) 
where Q is the average heat transfer rate of the annulus and tube; i.e. 
(3.3) 
where L1 T is the temperature rise/drop of water, and the subscripts a and i denote the 
annulus and tube side, respectively. In all cases, only those data that satisfy the 
criteria I(Q0 -Q )I Q < 0.03 are taken into consideration in the final data reduction, 




where I;·. in and I;. out are inlet and outlet temperature of water in the inner tube, and 
Ta.in and To.out denote the inlet and outlet temperature of water in the annulus. At the 
first stage, the data are analyzed by the Wilson plot method and can be described as 
follows. 
The experimentally determined resistance 1/UA of the tested tube is related to 




where ho and h; represent the average outside and inside heat transfer coefficient, and 
Rw denotes wall resistance and is given by J4 =Ow/ kwAw. In the present calculation, 
the overall resistance is based on the outer surface area, which is evaluated as 1rDaL, 
where Do is the outer diameter of the inner tube. The inside heat transfer coefficient is 
based on nominal inside surface area (1rD1L). The properties for both streams were 
calculated using the average of the inlet and outlet bulk fluid temperatures. The tube 
side heat transfer coefficient h; is assumed to have the following form: 
(3.8) 
The correlation form does not include the viscosity ratio to account for the radial 
property variation, because this effect is very small for the present test range. When 
the viscosity ratio of water at room temperature is raised to the power of 0.14, the 
ratio difference is less than 0.8%. Therefore, Equation (3.8) then becomes: 
(3.9) 
Equation (3.9) has the linear form: 
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Therefore, with a simple linear regression, the slope of the resulting straight line is 
equal to 1/C. The interpretation of Equation (3.10), which has the linear form, 
Y = mX + b, that Rw and ho are constant, is the basis of the Wilson Plot method. 
3.6.2 Condensation (overall average) 
The condensation process for the vapor compressiOn system compnses of three 
regimes, namely, superheated vapor, condensation and subcooled liquid. It is 
necessary to first develop heat transfer correlations for single phase flows (i.e. 
superheated vapor and subcooled liquid) in the annulus. These correlations are then 
used to extract the condensation heat transfer coefficient from the overall 
condensation process where phase change of the refrigerant occurs from superheated 
vapor to subcooled liquid. The determination of the single phase heat transfer 
coefficient is covered under the first portion of the study. From the initial analysis of 
the current experiments, it was found that both the superheated vapor and subcooled 
liquid flows in the annulus are in the turbulent flow region. The cooling water flow on 
the tube side is also maintained in the turbulent region in these tests. Fig. 3.7 shows 
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Fig. 3. 7: Condensation temperature distribution 
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Based on the single phase correlation obtained from the Wilson Plot and Colburn 










Heat transferred from the refrigerant to the cooling water during condensation, as 
shown in Fig. 3.7, can be obtained from, 


















The use of Equation (3 .25) will give a direct approach to obtain the overall average 
heat transfer coefficient. 
3.6.3 Condensation (local average) 
The following calculation is employed to determine the quality of the refrigerant 
entering and exiting the test section, the heat transfer coefficient and the two phase 
frictional pressure drop from the data recorded during each test run at steady state 
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conditions. The thermodynamic properties of the refrigerant are evaluated usmg 
REFPROP program, Version 6.01 [138]. 
3.6.3.1 inlet vapor quality of the test section (Xrs.tn) 
. . 
Xrs ,in 
lr.s . - 11 . ,In ,1n 
(3.26) 
where iTs.in is the refrigerant enthalpy at the test section inlet, i1, the enthalpy of 
saturated liquid based on the temperature of the test section inlet, and i1,., is the 
enthalpy of vaporization based on the temperature of the test section inlet. The inlet 






where iPRE.in is the inlet enthalpy of the liquid refrigerant before entering the pre-
condenser, lhref is the mass flow rate of the refrigerant, and QPRE-C is the heat transfer 
rate at the pre-condenser; 
(3.28) 
where lhw.PRE, Cpw.PRE, (Tw0 , Twt)PRE are the mass flow rate, specific heat, and 
temperature rise of the cooling water at the pre-condenser respectively. 
3.6.3.2 Outlet vapor quality of the test section (Xrs.ouJ 
. . 
Xrs,out 
lrs ,out -zl,out 
(3.29) 
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where iTs,out is the refrigerant enthalpy at the test section outlet, i1 the enthalpy of 
saturated liquid based on the temperature of the test section outlet, and i1v is the 
enthalpy of vaporization based on the temperature of the test section inlet, and the 
outlet enthalpy of the refrigerant flow is given by 
· · QTS 
lTS,out = 1TC,in + -.-
mref 
(3.30) 
where irs.ow is the refrigerant enthalpy at the test section outlet, m,.,f is the mass flow 
rate of the refrigerant, Qrs is the heat transfer rate at the pre-condenser; 
(3.31) 
where li'lw,rs, Cpw,rs, (Two, Tw;hs are the mass flow rate, specific heat, and temperature 
rise of the cooling water at the pre-condenser respectively. 
3.6.3.3 Average heat transfer coefficient (he) 
h _ QTS c- ( Aim·ide J',at - T.va/1) (3.32) 
where he is the condensation heat transfer coefficient averaged over the entire test 
section and Tm1 is the temperature of the refrigerant averaged between the test section 
inlet and outlet. A 1mide is the inside surface area of the test section based on nominal 
inside surface area ( 1rD;L ). 
Twall is the circumferentially averaged temperature value of the outer wall surface, 
taken as arithmetic mean based on the following expression 
(3.33) 
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where h1 is the convective heat transfer coefficient on the inner tube side, given by the 
previous results from the Wilson plot tests. 
3. 6. 4 Two-phase frictional pressure drop (dpjdz)rp 
Pressure drop in two-phase flow is closely related to the flow pattern as defined by its 
void fraction and phase distribution. Although the result desired is usually total 
pressure drop over a given channel with heat addition, most investigations have been 
concerned with local pressure drop in well-characterized two-phase flow patterns. The 
two-phase flow of a vapor-liquid mixture in a channel with heat addition or rejection 
is a variable density one-dimensional flow. The change in bulk flow density is thus 
due to the phase change caused by condensation along the channel. During the 
process of phase change, i.e., void increase, the phase and velocity distributions are 
changed and so is the momentum of the flow. Hence the pressure drop of a horizontal 
two-phase flow consists of three components - frictional loss from tube frictional 
factor, elevation pressure drop arising from the effect of the gravitational force field 
and momentum gain due to deceleration. 
The total pressure drop (dP/dz) is expressed as the sum of the three different 
components as given by Lockhart and R.C. Martinell [139]. 
(dP) (dPF) (dPG) (dPA) dz = dz TP+ dz TP+ dz TP (3.34) 
Gravitational term (dPa/dz)rP is determined from 
(dPGJ =[ap,, +(1-a)p,]gsine dz TP (3.35) 
where a is the void fraction given by 
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(3.36) 
where S is the slip ratio calculated from: 
(3.37) 
where p1 and p,. are refrigerant density in liquid phase and vapor phase respectively. It 
should be noted that Bin Equation (3.35) is 0° for horizontal test section and quality, 
x, in Equation (3.36) and (3.37) are the average values of quality in the test section. 
The acceleration term (dPA!dz)rP can be written as; 
( dPA) =G2.!!__l~+ (1-xY J dz TP dz ap, (1- a )p, (3.38) 
where G is the mass flux of refrigerant. The two-phase frictional pressure drop 
(dPp/dz)rp can be obtained by subtracting the gravitational and accelerational term 
from the total experimental pressure drop. 
3. 7 Experimental uncertainties 
Uncertainties in the experimental data were calculated based on the propagation of 
error method as per ISO guidelines on uncertainty measurement [ 140]. Accuracy for 
various measurement devices, refrigerant properties and water properties are given in 
Table 3.4, 3.5 and 3.6. 
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Table 3.4: Uncertainties of measurement devices 
Parameter (Make, Type) Uncertainties 
Water Volume Flow ± 0.08% of 
(YOKOGA W A, Magnetic Flow Meter) reading 
Refrigerant Mass Flow Meter ± 0.05% of 
(YOKOGA W A, Corio lis) reading 
Refrigerant Pressure ±0.18psi 
(HAWK, Pressure Transducer) 
Water temperature ± 0.05°C 
(CHINO, Pt-100 RTD) 
Refrigerant Temperature ± 0.25°C 
(V ANCO, Type-T Thermocouple) 
Table 3.5: Uncertainties of predicted R-22 properties, ASHRAE [141] 
Predicted Properties Uncertainties Source 
Density ±0.1% Kamei eta!. [142] 
Isobaric Heat Capacity ± 1.0% 
Viscosity ±2.1% Klein eta!. [143] 
Thermal Conductivity ±3.7% McLinden et a!. [ 144] 
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Table 3.6: Uncertainties of predicted water properties, ASHRAE [141] 
Predicted Properties Uncertainties Source 
Density ±0.02% Wagner and Pruf) [145] 
Isobaric Heat Capacity ±0.3% 
Viscosity ±0.5% Kestin et al.[l46] 
Thermal Conductivity ±0.5% 
Uncertainties in the single phase heat transfer coefficient (superheated vapour 
and subcooled liquid) and the condensation heat transfer coefficient were calculated 
for various test runs in the smooth and enhanced annulus as a root-sum-square (RSS) 
method. Experimental results and the associated uncertainties are listed in Table 3.7. 
A sample hand calculation using the RSS method is presented in Appendix A. The 
uncertainties are dominated by the uncertainties associated with the refrigerant and 
water properties. Higher uncertainties were found at higher refrigerant mass flow rates 
and higher condensing pressures. Further description on the uncertainty analysis is 





Table 3.7: Uncertainty analysis for experimental data 
Flow 
Region 
Plain Turbo-C EXTEK 
Tube Annulus Tube Annulus Tube Annulus 



















































































In this chapter, the test methodology and experimental procedures are described based 
on the individual test methods. Initially the hydraulic characteristics of flow in 
annulus and tube side are to be evaluated using frictional factor method. In most 
applications, fluids need to be pumped through a heat exchanger. Thus it is essential 
to determine the required fluid pumping power which is proportional to the total 
pressure drop. 
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Next the test procedure for single phase heat transfer coefficient is explained. The 
heat transfer coefficients of the tube side of the double tube test section can be 
obtained using the standard Wilson plot technique. The dimensionless heat transfer 
and pressure drop characteristics of a heat exchanger surface are presented in terms of 
j vs. Re andfvs. Re. 
The parallel behavior of} vs. Re and f vs. Re is useful for: 
• Identifying erroneous test data for a specific surface for which a parallel 
behavior is expected but indicated otherwise by test results 
• Identifying specific flow phenomena in which the friction behavior is different 
from the heat transfer behavior 
• Predicting the j factor for an interrupted surface when the f factor is known or 
v1ce versa 
The condensation test is derived as overall average and local average. Both of the 
local average and overall average condensation tests require inputs of the single phase 
heat transfer coefficients. The two-phase pressure drop correlation in the form of 
Lockhart-Martinell function is also given. Finally the necessary data reduction and 
experimental error analysis are presented. 
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CHAPTER4 
RESULTS AND ANALYSIS 
4.1 Overview 
This chapter presents the test results and analysis of the correlations obtained. The 
results are given in the order of test sequence 
I. Flow development Length 
2. Friction Factor 
3. Single phase heat transfer 
4. Condensation (Overall Average) 
5. Condensation (Local Average) 
6. Two-phase pressure drop 
4.2 Flow development length 
In this part of the study, evaluation of the flow development region for laminar flow 
and turbulent flow was carried out. This experiment was done on a plain annulus for 
validation of the flow development length experiment and was followed by the flow 
development length test for Turbo-C annulus. The experimental results were 
compared with relevant correlations from literature. The /oppRe plot for the developing 
laminar flow in a concentric annular duct given by Liu [Ill] was selected to be the 
baseline theory for this study. Data for the Liu plot were obtained from Shah and 
London [112]. Fig. 4.1 shows two plots where the first indicates the Liu plot for the 
entire tested range and the second plot indicates the enlarged portion of the Liu plot 
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Fig. 4.1:/appRe for concentric annular duct developing laminar flow, plotted 
using data from, Shah and London [112) 
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Experimental data for the plain annulus test were plotted against the data from Liu 
[Ill], shown in Fig. 4.2. This test serves as a validation for the flow development 
experimental procedure. As recommended by Pfenniger [ 117], the test was conducted 
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Fig. 4.2: fappRe for laminar flow in plain annulus 
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I. For the tested range of flow rates, the fappRe factors are in excellent agreement 
with the plot by Liu [14] for x+> 0,035. 
2. The fappRe factors for the experiment are higher than the plot by Liu [Ill] for 
lower values of x+. This was expected due to the sharp 90° bend and abrupt 
tube entrance fittings. A similar occurrence has been reported by Kays and 
Crawford [ 14 7]. 
3. The test was concluded for Rec=2000 and the agreement IS seen to be 
satisfactory. At higher Re, flow instabilities were induced. 
4. The laminar flow development length correlation from the experimental 
results can be deduced as: 
X = 0.035 
D, Re (4.1) 
A similar study was conducted for the laminar flow development length for 
Turbo-C annulus. The experimental data are plotted in Fig 4.3 against data from Liu 
[Ill] and from the plain annulus test. These tests were also conducted for Reynolds 
numbers below Rec ""2300. The following observations can be made from the figure: 
I. For the tested range of flow rates, the trend of fappRe is similar to the plot by 
Liu [Ill]. The initial entrance length (X+< 0.015) has a sharp change of{appRe, 
followed by a gradual decrease (0.015 >X+> 0.045), and a constant value once 
fully developed flow is achieved. 
2. The /appRe values for the Turbo-C experiment are higher throughout compared 
to the test for plain annulus. This is attributed to the additional flow resistance 
caused by the roughness projections of the enhanced surface. 
3. The test was concluded for Rec ""2250. Additional tests for higher Re were 
seen to induce an unstable transition condition in flow development. 
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4. The laminar flow development length correlation for the experimental results 






















___,_ Liu [Ill] 
o PlainAnnulus 
Re = 2,243 
• Re = 2,035 
% Re = 1,870 
• Re = 1,596 






0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 
x+ 
Fig. 4.3:/appRe for laminar flow in Turbo-C annulus 
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Experimental results for turbulent flow were plotted forf~PP against x/D for plain 
annulus and enhanced Turbo-C annulus, shown in Fig. 4.4 and Fig. 4.5. The results 
show that the flow development length for plain annulus in turbulent flow is 
practically independent of Reynolds number and lies in the region given by: 
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Fig. 4.4: /app for turbulent flow in plain annuli 
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Likewise, for the enhanced Turbo-C annulus, the behavior of laPP is similar and for the 
range of Retested, the development length is given by 
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The result of the laminar flow and turbulent flow development length shows that 
Turbo-C required a shorter length to attain full development because of the more 
vigorous momentum exchange in the enhanced passage. Though the values of the 
x/D" ratio for the enhanced annulus appear to be higher in Equation (4.4), in reality it 
implies a shorter length to attain full development. This will become apparent if it is 
noted that the hydraulic diameter (Dh) for the Turbo-C is smaller compared to plain 
annulus since the surface enhancement increases the wetted perimeter and reduces the 
flow cross sectional area. A further evidence of the effect of the surface projections is 
seen in the value of[app which, for corresponding Reynolds numbers, is consistently 
higher for the Turbo-C as compared to the plain annulus. 
4.3 Friction factor 
4.3.1 Validation test for circular and annular plain tube 
The flow development length for laminar and turbulent region for plain annulus and 
Turbo-C annulus has been evaluated in the previous section. Based on the correlation 
for hydrodynamic development length, an estimated entry length was determined for 
the two base line friction factor tests, i.e. plain straight tube and plain straight annulus. 
These tests are used as a comparison and validation of all the tests for the enhanced 
double tube friction factor. 
As can be seen in Fig. 4.6, the measured results are in close agreement with 
Langhaar [ 115] and Filonenko [ 116]. i.e. Equation (2.2) and Equation (2.3 ), for 
laminar flow and turbulent flow, respectively. In the laminar region the experimental 
points appear to have a sharp deviation from Langhaar resistance formula at a 
Reynolds number of 2200. In the turbulent region the experimental points appear to 
deviate from the Filonenko resistance formula at Re < 8000. It is also observed that 
the transition region has a higher scatter of experimental data points. Agreement 
obtained in the baseline test conducted for straight plain tube validates the test rig, 
instrumentation and test procedure. 
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After the smooth tube validation test, the experiment was continued for the 
smooth concentric annulus which is used as a baseline comparison for the enhanced 
annulus test. As shown in Fig. 4. 7, the measured results are in close agreement with 
those of Shah and London [ 112] and Filonenko [ 116], Equation (2.5) and Equation 
(2 .3) respectively. Equation (2 .3) is applicable for both circular and annular passages, 
given by Shah and London [112]. At a Reynolds number of2000, the sharp change in 
slope confirms the deviation from laminar flow and the Shah and London [ 44] result 
for the annulus. It is also observed that there is no distinct transition region and the 
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Fig. 4.7: Experimental friction factor for smooth concentric annulus 
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4.3.2 Friction factor test result.for Turbo-C annulus 
The experimental result for the friction factor on the annulus side of straight 
enhanced Turbo-C is shown in Fig. 4.8. The test was performed on a concentric 
annulus, 22.22 mm inner diameter and 26.22 mm outer diameter. The measuring 
length was 660 mm preceded by a 2000 mm long inlet calming section for the flow 
development length in both laminar flow and turbulent flow. The friction factor 
profile of the straight smooth annulus has been shown for comparison. The obtained 
results are used to generate a friction factor correlation as a function of Reynolds 
number for the laminar and turbulent regimes, Equation ( 4.5) and Equation ( 4.6) 
respectively. 
f = 51.94 Re- 1077 Re.::: 2200 R2 = 0.998 (4.5) 
f = 0.0358 Re-o 124 Re_::: 4000 R2 = 0.988 (4.6) 
Based on the tests conducted for straight Turbo-C annulus, the following 
conclusions can be drawn: 
I. The points lie consistently above the friction factor for plain annulus which 
demonstrates the effect of increased flow resistance due to the augmented 
surface. 
2. For a Reynolds number of Re _:=:2200, the experimental points appear to have a 
sharp change of slope from Equation ( 4.5) with no perceptible scatter that is 
characteristic of the transition region. 
3. In the turbulent region, the experimental points appear to be m good 
agreement with Equation (4.6) for Re.::: 4000. 
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Eq. (4.5) 
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Fig. 4.8: Friction factor for Turbo-C annulus 
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4.3. 3 Friction factor test results for EXTEK tube and EXTEK annulus side 
The experimental result for the friction factor on the tube side of enhanced EXTEK 
tube is shown in Fig. 4.9. The friction factor result obtained for the smooth tube has 
been shown for comparison, since the EXTEK tube has enhancement on both inner 
and outer surfaces. The measured results are used to generate a friction factor 
correlation as a function of Reynolds Number (Re), Equation (4.7) and Equation (4.8). 
f = 174.34 Re -1073 Re 2:3800 R2 = 0.988 (4.7) 
f = 0.619 Re-0418 Re?.: 8500 R2 = 0.986 (4.8) 
Based on the test conducted for the EXTEK tube, the following conclusions can 
be drawn: 
1. The experimental points appear to have a sharp deviation from the Equation 
(4.7) for Reynolds number value ofRe?.: 3800. 
2. In the turbulent region the experimental points appear to be in good agreement 
with the Equation (4.8) for Reynolds number value ofRe?.: 8500. 
3. It is thus observed that the transition region occurs at 3800 < Re < 8500. 
The experimental result for the friction factor test of EXTEK annulus is shown 
in Fig. 4.1 0. The friction factor profile obtained for the straight smooth annulus has 
been shown for comparison. The measured results are used to generate friction factor 
correlations as a function of Reynolds Number, Equation ( 4.9) and Equation ( 4.1 0). 
f = 4.295 Re-0625 Re :::_1700 R2 = 0.987 (4.9) 
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Fig. 4.9: Friction factor for EXTEK tube 
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Fig. 4.10: Friction factor for EXTEK annulus 
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The friction factor results for the EXTEK annulus display certain interesting 
trends. 
I. The curve shows no distinct discontinuity between laminar and turbulent 
regwns. 
2. The distinction between these regions can be observed only from the slight 
deviation in the slope at a Reynolds number of 1700. 
3. The low value for critical Reynolds number for the EXTEK annulus is in 
concurrence with that of compact channels. The small gap between the 
EXTEK annulus and the outer tube gives rise to narrow passages while the 
helical path gives a longer effective passage. This explains the lower Rec as 
well as higher f 
4. The exponent ofRe in 'laminar flow' for EXTEK annulus (Fig. 4.10) deviates 
considerably from the results for laminar flow in the case of Turbo-C annulus 
(Fig. 4.8) as well as plain annulus (Fig. 4.7). 
5. For turbulent flow in the EXTEK geometry, there is a similarity in the 
exponent between the correlation for the tube side and annulus side. This is the 
consequence of the flow being turbulent which is a near-wall phenomenon 
[147]. The fact that turbulent flow is insensitive to the flow geometry is borne 
out here. 
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4.4 Wilson plot and Colburnj-factor test 
In order to validate the experimental apparatus and the testing methods, tests were 
performed on a straight double tube, with smooth inner and annular surfaces. Fig. 
4.11 and the fitting equations in Table 4.1 shows the relationship of X and Y for the 
validation test. The regression result of the smooth tube yields C1= 0 0227 which can 
be rounded up very close to the well-known constant 0.023 of the Dittus-Boelter 
correlation. Note that the exponent on Re of 0.8 as shown in Fig. 4.11 and Table 4.1, 
is not necessary a constant 0.8. As addressed by Shah [148], it is a function of the 
Prandtl number and Reynolds number. It varies from 0.78 at Pr = 0.7 to 0.9 at Pr = 
I 00 for Re = 50,000 for circular tube. However, the Re exponent of 0.8 has been 
chosen for validation purpose as such a value is used extensively by previous studies. 
In the Wilson plot technique, the form of the heat transfer correlation on one side 
is required to be known, in order to extract the heat transfer characteristics on the 
other side. The annulus being the unknown side in the present study, it requires the 
tube side relation to be known a priori. In the case of the EXTEK tube, both sides are 
unknowns. The strategy followed here is to fix the exponent of Reynolds number for 




Fig. 4.11: Wilson Plot analysis for plain tube for Re0·8 
Table 4.1: Wilson Plot Analysis for plain tube for Re0·8 
Symbols Nominal Hot Side Fitting Equation R' 
Mass Flow Rate (kg/s) 
D 0.1345 y = 44.284x + 2.4661 0.997 
0 0.2036 y = 43.087x + 2.1502 0.998 
X 0.2385 y = 43.8lx + 1.8238 0.998 
0 0.2726 y = 43.079x + 1.6997 0.997 
• 0.3069 y = 43.709x + 1.5429 0.998 
+ 0.3404 y = 43.703x + 1.3958 0.999 
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A typical Nusselt correlation takes the form: 
( 4.11) 
When Equation (12) is rewritten as Colbumj factor, the expression obtained is: 
(4.12) 
The corresponding Fanning friction factor relation is: 
(4.13) 
The approach used is that the exponent of Re in the jH correlation, Equation ( 4.12), is 
analogous to the exponent of Rein the Fanning friction factor, Equation (4.13). To 
illustrate this approach, the case of fully developed turbulent flow in a circular tube is 
considered as shown in Fig. 2.15 [120]. The Nusselt relation for this is the well-
known Dittus Boelter correlation: 
Nu=0.023 Re08 Prn (4.14) 
The corresponding Colburn j factor correlation is: 
( 4.15) 
The applicable Fanning friction factor is: 
f = 0. 046 Re-o 2 (4.16) 
The relevant Fanning friction factor correlations reported in the previous section 
are re-presented in Table 4.2. Based on the Re exponents from the Fanning friction 
factor equations listed therein, the Wilson plot test was conducted for the plain and 
EXTEK double tube configurations, shown in Fig. 4.12, Table 4.3, Fig. 4.13 and 
Table 4.4. For each of the test sections, the tube side Nusselt numbers that were 
obtained corresponding to the turbulent flow region are given in Equations ( 4 .I 7) and 
(4.18). 
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Plain Straight Tube, Turbulent, Re > 8000 
Nu = 0.048Re0733 Pry, R2 = 0.995 (4.17) 
EXTEK Straight Tube, Turbulent, Re > 8500 
Nu = 0.302 Re0582 Pry, R2 = 0.998 ( 4.18) 
Table 4.2. Friction factor correlations for tube and annulus side 
Geometry, Flow regime Friction factor Rz 
Correlation 
Plain Tube, Laminar, f = 16Re-1 0.957 
Re< 2300 
Plain Tube, Turbulent, f = 0.091Re-0267 0.964 
Re > 8000 
EXTEK Tube, Laminar, f = 164.34Re-1073 0.988 
Re < 3800 
EXTEK Tube, Turbulent, f = 0.519Re-041 0.986 
Re> 8500 
Plain Annulus, Laminar, f = 24Re-1 0.998 
Re< 2000 
Plain Annulus, Turbulent, f = 0.0885 Re-0263 0.998 
Re> 2000 
Turbo-C Annulus, Laminar, f = 51.94Re-1077 0.998 
Re<2200 
Turbo-C Annulus, Turbulent, f = 0.0358Re-0124 0.988 
Re> 4000 
EXTEK Annulus, Laminar, f = 4.295 Re-0625 0.987 
Re < 1700 
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Figure 4.12: Wilson plot analysis for plain tube for Re0·733 
Table 4.3: Wilson plot analysis for plain tube for Re0'733 
Symbols Nominal Hot Side Mass Fitting Equation R' 
Flow Rate (kgls) 
D 0.1345 y = 21.039x + 2.3436 0.997 
0 0.2036 y = 20.46x + 2.0313 0.997 
X 0.2385 y = 20.811x + 1.7026 0.998 
0 0.2726 y = 20.438x + 1.5822 0.997 
• 0.3069 y = 20.757x + 1.4225 0.997 
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Figure 4.13: Wilson plot analysis for EXTEK tube 
Table 4.4: Wilson plot analysis for EXTEK tube 
Symbols Nominal Hot Side Fitting Equation R' 
Mass Flow Rate (kgls) 
.6. 0.0355 y = 3.2654x + 2.2238 0.99 
X 0.0559 y = 3.064x + 1.8584 0.94 
0 0.0842 y=3.1135x+ 1.5672 0.994 
0 0.1085 y=3.1944x+ 1.1599 0.999 
D 0.1128 y = 3.1538x + 0.9376 0.995 
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After obtaining the internal heat transfer coefficient for the tube side turbulent 
region, the annular side is next treated using the same analogy. During this test, the 
inner tube side is maintained in turbulent flow. Equations ( 4.17) and Equation ( 4.18) 
are used, respectively, to evaluate the tube side heat transfer coefficients for the plain 
tube and EXTEK tube. It is recalled that the plain annulus and Turbo-C annulus test 
sections have the same smooth inner tube and the EXTEK inner tube profile is of the 
Twisted Multi-Head type. 
From this Colbumj-factor plot, the annulus heat transfer coefficients are obtained 
over the entire flow regime from laminar to turbulent. The results of the test are 
plotted by a method similar to that used by Shah [148]. In other words, the Re 
exponent of the j-factor should be close to the Re exponent of the Fanning friction 
factor. 
The results for the annulus sidej-factor tests are shown in Fig. 4.14 to 4.16. After 
completing thej-factor tests, the annular side heat transfer coefficient for the turbulent 
region is used to obtain the heat transfer coefficient for the tube side. The Colburn 
analogy and principle is applicable for both the annular and tube side j-factor tests. 
The results for the tube side j-factor are shown in Fig. 4.17 and 4.18. The relevant 
data extracted from the test results are presented as Equations (19) to (28) in Table 
4.5. 
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Figure 4.18: Colburnj-factor plot of EXTEK tube 
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Table 4.5: Convective heat transfer correlations for annulus and tube side 
Heat Exchanger Convective Heat Transfer Correlation 
Characteristic 
Plain Straight Annulus, Nu =9.33 (4.19) 
Laminar Re < 2000 R2 = 0.908 
Plain Straight Annulus, Nu = 0.0214Re0733 Pry, (4.20) 
Turbulent Re> 2000 
R2 = 0.995 
Turbo-C Straight Annulus, Nu = 10.18 Re00599 Pry, (4.21) 
Laminar Re < 2200 
R2 = 0.989 
Turbo-C Straight Annulus, Nu = 0.0066Re0877 Pry, (4.22) 
Turbulent Re> 4000 
R2 = 0.992 
EXTEK Straight Annulus, Nu = 1.094Re0376 Pry, (4.23) 
Laminar Re < 11 00 
R2 = 0.994 
EXTEK Straight Annulus, Nu = 0.477Re049 Pry, (4.24) 
Turbulent Re > II 00 
R2 = 0.989 
Plain Straight Tube, Nu = 5.02 (4.25) 
Laminar Re < 2300 R2 = 0.901 
Plain Straight Tube, Nu = 0.048Re0733 Pry, (4.17) 
Turbulent Re > 8000 
R2 = 0.995 
EXTEK Straight Tube, Nu = 81.19Re-0071 Pry, (4.27) 
Laminar Re < 3800 
R2 = 0.997 
EXTEK Straight Tube, Nu = 0.302Re0582 Pry, (4.18) 
Turbulent Re > 8500 
R2 = 0.998 
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4.4.1 Evaluation ofj andffor plain annulus 
a) In the laminar as well as in the turbulent region, the fully developed friction 
factors agree well with standard expressions found in literature, Fig. 4.14. 
Detailed elaboration is given in the previous section. 
b) In the laminar region, the mean Nusselt number of 9.33 compares favorably 
with the standard value of Nu = 8.225 for fully developed annulus flow with 
constant wall temperature. In heat transfer tests, it is extremely difficult to 
eliminate the influence of the developing region in the measurements. 
Therefore, this deviation is reasonable considering the flow is neither fully 
developed, nor at constant wall temperature. 
c) For the same reasons as above, the deviation 111 the coefficient and the 
exponent of Re for the turbulent region correlation in Equation ( 4.20) is 
acceptable. 
d) The }-factor plots corresponding to the Nusselt number are quite similar to 
those of the f plots in the figure and with very similar exponents. The validity 
of the analogy approach to find the unknown heat transfer coefficients is thus 
corroborated. 
4.4.2 Evaluation ofj andffor Turbo-C annulus 
a) In a similar fashion to the case of the plain annulus, the Turbo-C annulus also 
exhibits the same trends forfandj, Fig. 4.15. 
b) In the laminar region the corresponding Re exponents are -1.077 and -1.0599, 
which are quite close to the value of -1.0 applicable for plain passages. It 
shows that, despite the flow disruption by the surface projections, the 
disturbances are suppressed by the high viscous stress in laminar flow. 
c) In the turbulent region, the values are -0.124 and -0.123. The closer agreement 
compared to the laminar case is obviously due to the shorter development 
length in turbulent flow. A higher value than the classical -0.2 indicates that 
both flow resistance and heat transfer are higher which is clearly due to the 
higher turbulence generated by the enhancement. 
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4.4.3 Evaluation ofj andffor EXTEK annulus 
a) In the EXTEK annulus, the flow is constantly disrupted, both by the helical 
path and the surface porosity. The flow as well as the slope of the f andj plots 
in the laminar region are very similar to those of the turbulent region. The only 
clue to the demarcation of these regions is in the small discontinuity in slope 
in both/ and Nu plots, Fig. 4.16. 
b) The closeness in the Re indices, -0.625 and -0.624 for laminar, -0.511 and -
0.51 for turbulent, again proves the argument regarding the analogy. 
c) The power of the Re number is quite different for EXTEK annulus as 
compared to all the other geometries. The confined helical flow path in the 
EXTEK annulus is longer than the axial length. Thus a higher pressure drop is 
experienced. As calculations for fare based on tube length L, the apparent f 
will be higher. This is indicated by the higher coefficient. If turbulation of the 
flow were the important mechanism here, the exponent of Re would have been 
closer to -0.2. The Re exponent of -0.511 shows that turbulation of the flow is 
not the main enhancement mechanism. 
4.4.4 Evaluation ofj andffor plain tube 
a) The principle of analogy betweenfandj for plain tube flow is best established 
in open literature. In the present investigation, the analogy is again 
demonstrated as in the previous sections, Fig 4.17. 
b) In the laminar region the index of Re is -1.0 in both cases, f and j, and is a 
perfect match with theory. 
c) For turbulent Nu number, the reduction from 0.8 to 0.733 in the power of Re 
translates to an increase from 0.023 to 0.048 in the constant coefficient. 
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4.4.5 Evaluation of) andfjor EXTEK tube 
a) The EXTEK tube, by virtue of its surface being helically fluted, shows a 
character quite different from plain tubes in the turbulent region, Fig. 4.18. 
b) A remarkable feature that emerges from the laminar region is that the 
exponent of Re in correlations for f and j is very close to the classical value of 
-I. This is clearly due to the suppression of flow disturbance by the high 
viscous stress at the wall in laminar flow. 
4. 4. 6 Evaluation with other enhanced geometries from literature 
The ratio of enhanced Nusselt number to the smooth tube Nusselt number is 
compared in Fig. 4.19 for several geometries of single and multi-started 
spirally corrugated tubes from literature [149-152]. 
I. The major observation is that both EXTEK tube and EXTEK annulus 
performed better than all the other spirally enhanced tubes. 
2. The EXTEK tube performance is the most superior, presumably on account of 
several enhancement mechanisms acting in tandem: centrifilgal forces due to 
the helical path, turbulence generation and secondary flow. 
3. The EXTEK annulus has a good performance up to a Reynolds number of 
about 25,000 which envelops the Re range of intended applications of these 
tubes such as water source heat pumps. 
4. The results of Turbo-C confirm that, m single phase flow, tube profile 
enhancements such as spiral fluting of tubes, as in EXTEK is superior to 
surface enhancements such as Turbo-C. 
4.4. 7 Overall evaluation of the surfaces investigated 
In Fig. 4.20, the ratio of) to /has been plotted for the plain surface, Turbo-C annulus, 
EXTEK annulus and EXTEK tube, in order to illustrate the relative translation of 
pressure drop to heat transfer. A larger value ofj,lfimplies a better conversion. The 
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EXTEK annulus has the best performance, and lies just above even plain tube. The 
Turbo-C annulus has lower pressure drop-to-heat flow conversion. The EXTEK tube 
has the poorest performance of all in terms of the heat transfer to friction ratio. 
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Fig. 4.20: Comparison ofj/.ffor Turbo-C and EXTEK test section 
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4.5 Condensation heat transfer coefficient 
In this study, condensation heat transfer of R22 in the annulus of double tube heat 
exchanger is measured at the vapor temperatures of 40, 45, and 50°C with a wall 
subcooling of 4-l6°C on the plain, Turbo-C and EXTEK tubes. For all test conditions, 
the heat flux across the test section is maintained at 20 kWm-2 
4.5.1 Plain tube validation 
Fig. 4.21 shows the measured heat transfer coefficient of R22 in the annulus of plain 
double tube as a function of wall subcooling. The data show that, for a given wall 
subcooling, the heat transfer coefficient decreases with increasing saturation 
temperature of vapor. The increase in vapor temperature results from an increase in 
condensation rate which is a consequence of higher vapor shear in the narrow annular 
passage. 
A standard correlation, similar to the widely accepted Nusselt correlation for 
quiescent vapor, is not available for condensation in an annulus. It is apparent that 
condensation in the annulus does not fall under the quiescent regime. Yet, when the 
data from the plain tube test were compared against the Nusselt relation for quiescent 
condensation, Equation (4.29), for horizontal tubes [153], a remarkable agreement, 
within± I 0%, was obtained, as shown. Fig. 4.22. 
(4.29) 
Such agreement leads to the conclusion that, in the range of testing, the main 
mechanism of convective condensation in the plain annulus is controlled by the 
condensate film, similar to the case of vapor space condensation. The value of this 
finding is that it helps to understand what kind of augmentation may be of advantage 
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4. 5. 2 Local mean condensation heat transfer coefficient 
To confirm the flow pattern during the condensation of refrigerant in the test section, 
the experiments have been carried out at a mass flux of 400-800 kg/m2s which lies in 
the annular and spray region according to the flow regime map ofBreber eta!. [154] 
and the experimental results of Cavallini et a!. [155]. Hence, the discussion section 
addresses on! y the heat transfer mechanism corresponding to this flow pattern. 
Fig. 4.23 shows the relationship between local condensation heat transfer 
coefficient and vapor quality at fixed saturation temperatures and heat flux values but 
varying mass flux values in the range 400-800 kg/m2s for all three tubes. The increase 
in vapor quality in each experiment corresponding to each data point is about 5% and 
the value shown is the average from the inlet to the outlet. The results reveal that at 
higher vapor quality, the local heat transfer coefficient is higher. Apparently, the high 
vapor velocity at high vapor quality causes high vapor shear. The higher shear stress 
at the vapor-liquid interface causes more waves on the surface of the liquid film and, 
as a result, increases the surface area for heat transfer. The combined effect of 
entrainment and stratification thickens the liquid film at the lower part of the annulus 
even as it thins it at the upper part. The turbulence in the thick film at the bottom and 
the low resistance of the thin film at the top have a positive effect on the heat transfer. 
This is the underlying principle of the Gregorig profile [131]. As a result, the local 
mean heat transfer coefficient of condensation is increased. 
Considering the effect of mass flux on the average condensation coefficient at 
given vapor quality, it is found that the average heat transfer coefficient increases with 
mass flux, particularly at high vapor quality. This is presumably because the increase 
of mass flux also increases the velocity of the vapor and liquid films and flow 
turbulence, enhancing the convective heat transfer as a result. Additionally, the 
increase of the two-phase flow velocity causes more entrainment due to shear at the 
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Fig. 4.23: Local mean condensation coefficient for varying mass flux 
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As condensation progresses, the higher amount of condensate lowers the velocity 
of vapor and thickens the liquid film. Consequently, the heat transfer coefficient of 
condensation is decreased. This reduction is higher in Turbo-C and plain annulus as 
compared to EXTEK probably due to the higher velocities due to the smaller flow 
area in EXTEK. In the case of Turbo-C, the performance at lower mass fluxes is quite 
similar to that of the plain tube, most likely because of the inundation which renders 
the 3-D surface projections ineffective and the lack of adequate drainage in the 
top-cross feature in the double tube configuration. 
The effect of saturation temperature on the average heat transfer coefficient of 
condensation is shown in Fig. 4.24. The figures display the relationship between the 
local heat transfer coefficient of condensation with the vapor quality at fixed values of 
mass flux and heat flux. It can be seen from the figures that when the saturation 
temperature of condensation increases, heat transfer coefficient of condensation 
decreases. In the saturation state, when the temperature increases, the saturation 
pressure increases and the specific volume of R22 vapor decreases leading to a lower 
vapor flow velocity. Hence, the shear stress at the interface of the vapor and liquid, 
which is an important mechanism in convective condensation, is also decreased. In 
addition, when the saturation temperature increases, the liquid refrigerant R22 will 
have lower thermal conductivity which, in tum, lowers the local heat transfer 
coefficient of condensation. 
These observations lead to an understanding of the mechanism of augmentation of 
the tested tubes in the double tube configuration. Turbo-C top cross performs slightly 
better than the plain tube while EXTEK shows considerable increase because it is able 
to exploit the vapor shear effects in condensation. The EXTEK tube profile and the 
snug fit of the EXTEK tube in its outer shell gives a higher vapor shear effect, leading 
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4.5.3 Overall average condensation heat transfer coefficient 
Fig. 4.25 shows the relationship between overall average condensation heat transfer 
coefficient and wall subcooling. All three tubes are tested for the same saturation 
temperatures of 40°C, 45°C and 50°C. The condensation process is conducted from 
superheated vapor to subcooled liquid. The two-phase section is evaluated for vapor 
fraction of 0 to I. The wall subcooling, (Tsat- Twan), is varied from 3°C to l6°C. A 
larger temperature difference for condensation leads to a higher condensate flux and 
hence, a thicker film. The test results given in Fig. 4.25 confirm this conclusion. In all 
cases, the heat transfer coefficient decreases with increasing saturation temperature, 
Tsat· The EXTEK Tube has the highest condensation coefficient compared to Turbo-
C and plain tube. It is presumed that the swirl flow in the EXTEK annulus introduces 
high vapor shear and reduces the liquid film thickness on the annulus periphery. 
At the present stage, a general form of correlation cannot be formulated for the 
tubes as the study lacks the ability to have multiple test sections with varying 
geometric parameters for the surface enhancement. This is because the tubes were 
obtained from the manufacturers with fixed design geometries. 
The mean condensation coefficients obtained from the overall average 
condensation test are compared with the values calculated from the local condensation 
test by averaging the local coefficients as below, using numerical quadrature. 
(4.30) 
Based on the calculated values, the data are compared with test results from the 
overall average heat transfer coefficient, Fig. 4.26. The plot shows that 90% of the 
calculated values lie within ±20% of the overall condensation results. The averaged 
local condensation coefficients appear to correspond to the local coefficient at a 
quality of ~0.58. This result can be of value in design of heat exchangers by taking 















d Tsatsooc - Plain Annulus 
0.00 +---~---~---~--~---~---~--~-----/ 

















- Turbo-C Annulus 
0.00 +---~------~--~---~--~---~----/ 

















0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 
(Tsat- Twall) 













































Fig. 4.26: Parity plot of calculated and experimental overall average 
condensation 
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4.5.4 Two-phase pressure drop 
As described in the data reduction, the two-phase frictional drop is obtained by 
subtracting the gravitational and acceleration terms from the total experimental 
pressure drop, shown in Fig. 4.27. The maxima in the curves corresponds to the 
incipient annular flow region, evidence for which comes from Fig. 2.2. The data 
shown is for a constant mass flow rate of I 00kg/m2s at a condensing temperature of 
45°C. It can be seen that the frictional pressure drop increases with increasing vapor 
quality. This is because at high vapor quality, the higher velocity of vapor flow causes 
more shear stress at the interface of the vapor and liquid film. Moreover, the 
secondary flow that becomes stronger with the higher vapor velocity will produce 
more entrainment and re-deposition of droplets, which causes more flow turbulence in 
the two-phase flow region, [139]. At equal vapor quality, the increase of mass flux 
will increase the vapor velocity and the flow turbulence. Hence, the shear stress at the 
interface of the vapor and liquid film increases and, as a result, the pressure drop is 
increased. 
In the vapor-liquid two-phase flow, the frictional pressure gradient is correlated by 
the relationship between the two phase frictional multiplier, <)>1, and the parameter x, 
given by Lockhart and Martinelli [139]. The above mentioned relationship can be 
obtained from the frictional pressure gradient of two-phase, liquid and vapor flow 
components as follows: 
( 4.31) 
The single-phase liquid pressure gradient, (dPp/dz)t can be calculated from 
(4.32) 
The friction factor correlation is given by the results from the adiabatic friction factor 
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The Martinelli parameter, l is given by 
X2 = (dPF) /(dPF) 
dz 1 dz " 
(4.33) 
If the two phase pressure gradients are based on turbulent flow, then 
(4.34) 
Fig. 4.28 shows the plot between the two phase frictional multiplier, <D 1 , the 
parameter x for the plain and enhanced tubes. The two-phase multiplier can be 
proposed in the form of Lockhart-Martinelli correlation as follows: 
Plain Annulus correlation 
<D 1 = 39.lx,~- 32.9 x, + 7.5 R2 = 0.937 (4.35) 
Turbo-C Annulus correlation 
<D 1 = 63.4x,~ -53.7 x, + 12.6 R2 = 0.986 (4.36) 
EXTEK Annulus correlation 
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This chapter presented details of the test results and discussion related to the 
respective experimental study. The test is started with the flow development length, 
fanning friction factor, Wilson plot and Colburn j-factor, followed by condensation 
for overall and local average heat transfer coefficient and two-phase pressure drop 
correlations. Consequently, the discussions of results obtained were presented. 




5.1 Chapter overview 
This chapter presents the summary and conclusions related to the respective 
experimental investigations, which started with a study of flow development length in 
Plain and Turbo-C annulus, for both laminar and turbulent flow. The results from the 
flow development test were used to detennine the entry length for the Fanning friction 
factor test, for plain annulus and Turbo-C annulus. Using the Wilson plot and the 
Colburn analogy, the single phase heat transfer test was completed. In the last part of 
the work, local mean condensation coefficients, overall average coefficients and two-
phase pressure drop were determined. The work concludes with the practical 
significance of the research and suggestions for future work. 
5.2 Flow development length and Fanning friction factor 
This result is a forerunner to heat transfer studies. Correlations for flow development 
length and friction factor that have been derived are of use in prediction of fluid 
pumping power. It also serves as a basis for obtaining correlations for heat transfer 
coefficient by means of Colburn analogy. The flow appears to develop faster in the 
Turbo-C Annulus as compared to a smooth annulus in both cases, laminar and 
turbulent. For the EXTEK annulus, the tests did not yield information on flow 
development since the flow appears to be constantly broken up. As anticipated, the 
highest friction factors occur in the case of EXTEK tube, followed by Turbo-C and 
smooth tubes. The value of the results of the investigation lies in its use in the design 
of double tube heat exchangers, of which Water Source Heat Pumps are a practical 
example. 
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5.3 Wilson plot and Colburnj-factor 
The approach of analogy between f and j holds good for the investigated geometries. 
In other words, taking the exponent of Re number to be the same for f and j for 
laminar flow as well as turbulent flow is seen to be a valid strategy. Laminar flow in 
the Turbo-C annulus is quite similar to the plain annulus as the flow disturbances are 
damped out by the high shear stress at the wall. In the turbulent region of the flow in 
the Turbo-C annulus, the augmented surface is seen to increase the flow turbulence 
and hence the heat transfer. 
There is little distinction between laminar flow and turbulent flow in the EXTEK 
annulus. The conversion of pressure drop to heat transfer is superior to that in Turbo-
C and plain annuli. The mechanism of augmentation in the EXTEK annulus is the 
high shear stress at the wall and the longer effective path length. As for the EXTEK 
tube, its conversion of pressure to heat transfer is the lowest, but its advantage is that, 
on account of a higher heat transfer enhancement, it needs a smaller surface area and 
provides concomitant benefits of more compact, lighter and cheaper equipment. 
5.4 Local and overall average heat transfer coefficients in condensation 
This part of the study concerns evaluation of the condensation performance of two 
new types of double tube enhancement, i.e. Turbo-C (Copper Top Cross) and EXTEK 
(Twisted Multi-Head). From a review of their heat transfer and pressure drop 
performance, several conclusions could be drawn: 
I. The performance of the Turbo-C annulus is better than that of the plain 
annulus for local as well as overall condensation. With its highest 
condensation coefficients, the EXTEK tube performs better than the other 
tubes. 
2. The results of the two-phase heat transfer coefficient are given for overall 
average condensation as a function of wall subcooling. This result has a 
137 
reasonable agreement with the values obtained by averagmg of local 
condensation coefficients. 
3. Similarly the two-phase pressure drop was evaluated as local values as a 
function of quality. A correlation for the overall two phase pressure drop was 
introduced based on the form of the Lockhart - Martinelli function. 
4. For design purposes, local condensation coefficients at a vapor fraction of 
about 0.58 can be used. 
5. The study shows that the EXTEK (Twisted Multi-Head) configuration is better 
suited for double tube heat exchanger application, while the Turbo C (Copper 
Top Cross) is likely to be better suited for shell-and-tube applications, where 
the multiple drainage slits and the film thinning effect could be exploited. 
5.5 Practical significance 
The results of this study are applicable in the design and selection process of a 
double-tube condenser for industrial application. The heat transfer coefficients, in 
single phase and in condensation, are useful tools for a design engineer looking for 
quick selection for design initiation as well as a comprehensive selection for design 
development. A correct selection of equipment with accurate representation of heat 
transfer and pressure drop values is advantageous to design engineers. 
5.6 Further research work 
The average overall heat transfer and pressure drop data were obtained with 
condensation of R-22 in horizontal annuli with new surface enhancement, Turbo-C 
and EXTEK. This study can be extended to further research thus: 
I. It is concluded that the swirl flow enhancement which was originally used for 
single phase heat transfer devices shows tremendous potential for 
condensation. The higher performance of the EXTEK annulus compared to the 
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Turbo-C annulus is interesting in terms of a different condensation mechanism 
which has not been investigated previously. A detailed study on the 
mechanism of local condensation heat transfer variation for different vapor 
fraction regions for the EXTEK and Turbo-C annulus is warranted for further 
understanding of the phenomenon. 
2. Turbo-C and EXTEK tubes were initially designed with a dual purpose 
consideration. Heat pump units require a heat exchanger with good 
condensation as well as evaporation performance. The retaining cavity at the 
fin base of the Turbo-C acts as a nucleation cavity for evaporation process. In 
the case of EXTEK tube, the porous surface provides a large number of 
nucleation sites. A further study on the flow boiling performance of these 
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In statistics, propagation of error (or propagation of uncertainty) is the effect of 
variables' uncertainties (or errors) on the uncertainty of a function based on them. 
When the variables are the values of experimental measurements they have 
uncertainties due to measurement limitations (e.g., instrument precision, material 
properties) which propagate to the combination of variables in the function. The 
uncertainty is usually defined by the absolute error. Uncertainties can also be defined 
by the relative error (fu:)/x, which is usually written as a percentage (%).Most 
commonly the error on a quantity, fu:, is given as the standard deviation; a. Standard 
deviation is the positive square root of variance, rl. The value of a quantity and its 
error are often expressed as x ± fu:. If the statistical probability distribution of the 
variable is known or can be assumed, it is possible to derive confidence limits to 
describe the region within which the true value of the variable may be found. For 
example, the 60% confidence limits for a one-dimensional variable belonging to a 
normal distribution are ± one standard deviation from the value, that is, there is a 60% 
probability that the true value lies in the region x ± a. If the variables are correlated, 
then covariance must be taken into account. In experimental works, error analysis is 
conducted to determine the uncertainty associated with the equation, experimental 
data and analysis of the correlations. A detailed review is given by Bevington and 
Robinson [!56] 
A.2 Types of error 
Experimental error can be divided into two classes: systematic and random, [ 157]. 
Systematic error tends to shift all measurement in a systematic way so their mean 
value is displaced. This may be due to the following: 
AI 
Incorrect calibration of equipment 
• Consistently improper use of equipment, unsuitable range or type 
• Failure to properly account for some effect (temperature, pressure or 
vibration effect to the instrument) 
The reduction of large systematic error is crucial but it's rather difficult to 
eliminate as no instrument can ever be calibrated perfectly. Random error fluctuates 
from one measurement to the next. They yield results distributed about some mean 
value. They can occur for a variety of reasons. 
• Lack of sensitivity by measurement equipment 
• External or internal noise 
• Imprecise definition 
• Fluctuation of experiment properties 
Random errors displace measurements in arbitrary directions whereas systematic 
errors displace measurements in a single direction. Some systematic errors can be 
substantially eliminated (or properly taken into account). Random errors are 
unavoidable and must be tolerated. 
Gross personal errors, sometimes called mistakes or blunders, come from 
carelessness, poor technique, or bias on the part of the experimenter, and should be 
avoided and if discovered, they should be corrected. In the normal case, gross 
personal errors should be exempted from error analysis because it is generally 
presumed that the experimental results are got by following correct procedures. It is 
also necessary to avoid the term human error in error analysis because it is too general 
to be useful. Random errors displace measurements in an arbitrary direction while 
measurements are displaced in a single direction by systematic errors. Some 
systematic errors can be substantially eliminated (or taken into account appropriately). 
A sound way to account for or identify the errors associated with the 
A2 
experimental works is by first performing a validation experiment. Usually the 
validation experiments are data or results that have been well established and accepted 
by practitioners in the relevant area or field studied. 
A.3 Error Propagation 
The results obtained from an experiment are not measured directly. Rather, it will be 
calculated from several measured physical quantities (each of which has a mean value 
and an error). If a variable Z depends on (one or) two variables (A,B, and C) which 
have independent errors (t.A, t.B, and t.C) then the rule for the calculating the error 
in Z is tabulated in following Table Al for a variety of simple relationship. These 
rules may be compounded for more complicated situations 
Table AI: Error Propagation Relationship, [156] 
No. Relation between Z and Relation between !!.Z and 
(A,B,C) (!!.A, !!.B, !!. C) 
I Z=A+B-C (t.ZY =(MY+ (MY+ (t.cY 
2 Z=A*B ( ~)' =( "":)' +( "';)' +( ""~)' c 
3 Z=nA ,A,.Z M 
-=n-
z A 
4 Z=lnA t.Z=M 
A 
5 Z = log10 A 
,A,.Z = 0.43{ "":) 
6 Z =lOA t.Z = 2.303(ZXM) 
7 Z =eA t.Z =Z(M) 
8 Z=A" 
t.Z = zn( ~) 
A3 
APPENDIXB 
FLOW DEVELOPMENT LENGTH TEST OAT A 
B.l Plain Annulus (Laminar) 
8 " .. 2 ~ 0 8 ;§ ~ ' ~ § 0 ; j ~ " I " ~~ -~ :i ~ I " z " J ~ 
3 j 
' ~ § ~ $ i ll " " " ~ " ' c " ~ 0 ! ~ < ll "' ' " ~ ~ 
' I 1 0 " > ?: ~ a 0 ~ , - ~ " ~ ll 
" " " 
~ '1 g ~ ~ a u u u E " ~ E ]' ·o, '5: 
"' 
~ s
0.763 0.248 30 30 30 996 4 403.8 0.70 799 0.01315 \996 0.089 22492 26.25 
0.706 0.248 30 30 30 996 4 403 8 0.65 799 0.0!311 1996 0.082 24222 26.17 
0.65 0.248 30 30 30 996 4 403.8 0.60 799 0.01307 1996 0.076 26241 26.09 
0.596 0.248 30 30 30 996 4 403.8 0.55 799 0.01307 1996 0.070 28627 26.1 
0.546 0.248 30 30 30 996 4 403.8 0.50 799 0.01317 1996 0.063 31489 26.29 
0.492 0.248 30 30 30 996 4 403.8 0.45 799 0.01318 1996 0.057 34988 26.31 § 0.441 0.248 30 30 30 996 4 403.8 0.40 799 0.01331 1996 0 051 39362 26.58 
"' 
" 
0.401 0.248 30 30 30 996 4 403.8 0.35 799 0.01381 1996 0.044 44985 27.57 ~ 0.348 0,248 30 799 001398 30 30 996 4 403.8 0.30 1996 0.038 52482 27.92 
0.299 0.248 30 30 30 996 4 403.8 0.25 799 0.01444 1996 0.032 62978 28.83 
0.25 0.248 30 30 30 996 4 403.8 0.20 799 0 01510 1996 0.025 78723 30.15 
0.224 0.248 30 30 30 996 4 403.8 0.15 799 0.01801 1996 0.019 104964 35.96 
0.172 0.248 30 30 30 996 4 403.8 0.10 799 0.02075 1996 0.013 157446 41.43 
0.116 0.248 31 3 I 31 996 4 403.7 0.05 782 0.02803 2039 0.006 328398 57.15 
0.683 0.224 30 30 30 996 4 365 0.70 799 0.01443 1803 0.098 18350 26 
0.632 0.224 30 30 30 996 4 365 0.65 799 0.01437 1803 0.09\ \9761 25.9 
0.583 0.224 30 30 30 996 4 365 0.60 799 0.01437 1803 0.084 21408 25.9 
0 535 0.224 30 30 30 996 4 365 0.55 799 0.01439 1803 0.077 23354 26 
0.486 0.224 30 30 30 996 4 365 0.50 799 001437 1803 0.070 25689 25.9 
0.439 0.224 30 30 30 996 4 365 0.45 799 0.0\442 1803 0.063 28544 26 ~ 0.394 0 224 30 30 30 996 4 365 0.40 799 0.01458 1803 0.056 32112 26.3 
-
., 0.351 0 224 30 30 30 996 4 365 0.35 799 0.01481 1803 0.049 36699 26.7 ~ 799 0.01525 27.5 0.309 0.224 30 30 30 996 4 365 0.30 1803 0.042 42816 
0.268 0.224 30 30 30 996 4 ;65 0.25 
"' 
0.01584 1803 0.035 51379 28.6 
0.225 0.224 30 30 30 996 4 365 0.20 799 0.01666 1803 0.028 64224 30 
0.19 0.224 30 30 30 996 4 365 0.\5 799 0.01873 1803 0.021 85631 33 8 
0.151 0.22 30 30 30 996 4 358 0.10 799 o.o:mo 1771 0.014 123901 40.9 
0.091 0.22 31 31 31 996 4 358 0.05 782 0.02792 1809 0.007 258430 50.5 
0.607 0.199 30 30 30 996 4 324 0.70 799 0.01625 1602 0.111 14482 26 
0.518 0.199 30 30 30 996 4 324 0.60 799 0.01618 1602 0.095 1689G 25.9 
g 0.432 0.199 30 30 30 996 4 324 0.50 799 0.01618 1602 0.079 20275 25.9 
~ 
- 0 351 
" 
0.199 30 30 30 996 4 324 0.40 799 0.01642 1602 0.063 25344 26.3 
~ 0.275 0.199 30 30 30 996 4 324 0.30 799 0.01718 1602 0.047 33792 27.5 
0.198 0.199 30 30 30 996 4 324 0.20 799 0.01852 1602 0.032 50688 29.7 
0.126 0.199 30 30 30 996 4 324 0.10 799 0.02353 1602 0.016 101376 37.7 
Bl 
0.549 0.174 30 30 30 996 4 283 0.70 799 0.01923 1401 0.127 11072 26.9 
0.508 0.174 30 30 30 996 4 283 0.65 799 0.01915 1401 0.117 11924 26.8 
0.469 0.174 30 30 30 996 4 283 0.60 799 0.01915 1401 0.108 12917 26.8 
0.43 0.174 30 30 30 996 4 283 0.55 799 0.01918 1401 0.099 14092 26.9 
0.391 0.174 30 30 30 996 4 283 0.50 799 0.01915 1401 0.090 15501 26.8 
0.353 0.174 30 30 30 996 4 283 0.45 799 0.01921 1401 0.081 17223 26.9 g 
~ 0.312 0.174 30 30 30 996 4 283 0.40 799 0.01914 1401 0.072 19376 26.8 
-
" 
0.273 0.174 30 30 30 996 4 283 0.35 799 0.01915 1401 0.063 22144 26.8 ~ 
0.238 0.174 30 30 30 996 4 283 0.30 799 0.01941 1401 0.054 25835 27.2 
0.202 0.174 30 30 30 996 4 283 0.25 799 0.01984 1401 0.045 31002 27.8 
0.168 0.174 30 30 30 996 4 283 0.20 799 0.02054 1401 0.036 38752 28.8 
0.132 0.174 30 30 30 996 4 283 0.15 799 0.02155 1401 0.027 51670 30.2 
0.109 0.174 30 30 30 996 4 283 0.10 799 0.02659 1401 O.QIS 77505 37.2 
0.068 0 174 30 30 30 996 4 283 0.05 799 0.03312 1401 0.009 155009 46.4 
0.458 0.15 30 30 30 996 4 244 0.70 799 0.02156 1208 0.147 8228.4 26 
0.423 0.15 30 30 30 996 4 244 0.65 799 0.02148 1208 0.136 8861.3 ::!5.9 
0.391 0.15 30 30 30 996 4 244 0.60 799 0.02147 1208 0.126 9599.7 25.9 
0.359 0.15 30 30 30 996 4 244 0.55 799 0.02150 1208 0.115 104n 26 
0.326 0.15 30 30 30 996 4 244 0.50 799 0.02147 1208 0.105 11520 25.9 
g 0.294 0.15 30 30 30 996 4 244 0.45 799 0.02155 1208 0.094 12800 26 
Cj 0.26 0.15 30 30 30 996 4 244 0.40 799 0.02146 1208 0.084 14400 25.9 
-
" 
0.228 0.15 30 30 30 996 4 244 0.35 799 0.02147 1208 0.073 16457 25.9 ~ 
0.198 30 30 996 4 244 0.30 0.063 19200 26.3 0.15 30 799 0.02177 1208 
0.169 0.15 30 30 30 996 4 244 0.25 799 0.02225 1208 0.052 23039 26.9 
0.14 0.15 30 30 30 996 4 244 0.20 799 0.02303 1208 0.042 28799 ns 
0.11 0.15 30 30 30 996 4 244 0.15 799 0.02416 1208 0.031 38399 29.2 
0.09 0.15 30 30 30 996 4 244 0.10 799 0.02982 1208 0.021 57599 36 
0.056 0.15 30 30 30 996 4 244 0.05 799 0.03714 1208 0.010 115197 44.8 
B2 
B.2 Plain Annulus (Turbulent) 
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2.05 2. II 30 30 30 996 10 1490 0.70 799 0.00680 19308 67.633 285.48 131 
1.91 2.11 30 30 30 996 10 1490 0.65 799 0.00682 19308 62 802 307.45 132 
1.756 2.11 30 30 30 996 10 1490 0.60 799 0.00679 19308 57.971 333,07 131 
1.607 2.11 30 10 10 996 10 1490 0.55 799 0.00678 19308 53.140 363.34 Ill 
1_46 2.11 30 30 10 996 10 1490 0.50 799 0.00678 19308 48.309 399.68 Ill 
1.318 2.11 30 10 10 996 10 1490 0.45 799 0.00680 19308 43.478 444.09 131 
0 ;;; 1.17 2.11 30 30 30 996 10 1490 0.40 799 0.00679 19308 38.647 499.6 131 
-
" 
1.025 2.11 30 30 10 996 10 1490 0.35 799 0.00680 19308 33.816 570.97 131 
~ 0.88 2.11 30 30 30 996 10 1490 0.30 799 0.00681 19308 28.986 666.13 131 
0.734 2.11 30 30 30 996 10 1490 0.25 799 0.00681 19308 24.155 799.36 132 
0.6 2.11 10 30 30 996 10 1490 0.20 799 0.00696 19308 19.324 999.2 134 
0.484 2.11 10 30 30 996 10 1490 0 IS 799 0.00749 !9308 !4.493 !332.3 145 
0.425 2.1! 30 30 30 996 10 1490 0. !0 799 0.00986 19308 9.662 1998.4 190 
0 265 211 10 10 30 996 10 1490 0.05 799 0.01230 19308 4.831 3996.8 237 
2.04 ~.063 10 10 10 996 10 !457 0.70 799 0.00707 18878 67.633 279_13 134 
1_903 2.063 10 10 10 996 10 1457 0_65 799 0.00711 18878 62.802 300.6 134 
1.744 2.063 10 10 10 996 10 1457 0.60 799 0.00706 18878 57.971 325.65 131 
1.6 2.063 30 30 30 996 10 1457 0.55 799 0.00706 18878 53.140 355.25 131 
1.45 2.063 10 10 10 996 10 1457 0.50 799 0.00704 18878 48.309 390.78 133 
B 1.303 2.063 10 10 30 996 10 1457 0.45 799 0.00703 18878 43.478 434.2 Ill 1.16 2.063 30 30 10 996 10 1457 0.40 799 0.00704 18878 38.647 488.47 133 
" 
1.013 2.063 30 10 10 996 10 1457 0.35 799 0.00703 18878 33.816 558.25 113 
~ 0.868 2.063 30 30 30 996 10 1457 0.30 799 0.00702 18878 28.986 651.29 113 
0.725 2.063 10 30 30 996 10 1457 0.25 799 0.00703 !8878 24.155 781.55 Ill 
0.6 2.063 10 30 30 996 10 1457 0.20 799 0.00728 18878 19.324 976.94 137 
0.485 2.063 10 30 10 996 10 1457 0.15 799 0.00785 18878 14.493 1302.6 148 
0.43 2.063 10 30 10 996 10 1457 0.10 799 0.01044 18878 9.662 1953.9 197 
0.279 2.063 30 30 10 996 10 1457 0.05 799 0.01355 18878 4.831 3907.8 256 
1.818 1.916 30 30 10 996 10 1353 0.70 799 0_00731 17533 67.633 259.24 128 
1.698 1_916 30 10 10 996 10 1353 0.65 799 0.00735 17533 62.802 279.18 129 
1.56 1.916 30 JO 10 996 10 1353 0.60 799 0.00732 17533 57.971 302.44 128 
1.428 1.916 30 30 30 996 10 1353 0.55 799 0.00731 17533 53.140 329.94 128 
I .291 1.916 30 10 30 996 10 1353 0.50 799 0.00726 17533 48.309 362.93 127 
C> 1.16 1.916 10 30 30 996 10 1353 0.45 799 0.00725 17533 43.478 403.26 127 
~ 1.035 !.916 30 10 10 996 10 1353 0.40 799 0.00728 17533 38.647 453.66 128 
" 
0_904 1.916 10 10 10 996 10 1353 0.35 799 0.00727 17533 33.816 518.47 127 
~ 0.77 1_916 30 10 10 996 10 1353 0.30 799 0.00722 17533 28.986 604.88 127 
0.645 !.916 30 10 10 996 10 1353 0.25 799 0.00726 17533 24.155 725.86 127 
0.534 1.916 30 10 30 996 10 1353 0.20 799 0.00751 17533 19.324 907.33 132 
0.435 1.916 30 10 10 996 10 1353 0.15 799 0_00816 17533 14.493 1209.8 143 
0.399 1.916 30 30 30 996 10 1353 0_10 799 0.01123 17533 9.662 1814.7 197 
0.255 1.916 30 30 30 996 10 1353 0.05 799 0.01435 17533 4.831 3629 3 252 
3.211 2 775 30 30 30 996 10 1960 0.70 799 0.00615 25393 67.633 375.46 156 
3.009 2.775 10 30 30 996 10 1960 0.65 799 0.00621 25393 62.802 404.34 158 
2.787 2.775 30 30 30 996 10 1960 0.60 799 0.00623 25393 57.971 438.04 158 
2.531 2.775 30 30 10 996 10 1960 0_55 799 0.00617 25393 53.140 477.86 157 
2.321 2.775 30 10 10 996 10 1960 0.50 799 0.00623 25393 48.309 525.64 158 
2.085 2.775 30 10 30 996 10 1960 0.45 799 0.00622 25393 43.478 584.05 158 
~ 
0 1.861 2.775 30 30 10 996 10 1960 0.40 799 0.00624 25393 38.647 657.05 158 
N 
" 
1 619 2.775 30 10 10 996 10 1960 0.35 799 0.00621 25393 33.816 750.92 158 
~ 1.39 2.775 10 30 30 996 10 1960 0.30 799 0.00622 25393 28.986 876.07 158 
1.161 2.775 10 30 30 996 10 1960 0.25 799 0.00623 25393 24.155 1051.3 158 
0.926 2.775 30 30 30 996 10 1960 0.20 799 0.00621 25393 19.324 1314. I 158 
0.741 2.775 10 30 30 996 10 1960 0.15 799 0.00663 25393 14.493 1752. I 168 
0.613 2.775 30 10 10 996 10 1960 0.10 799 0.00822 25393 9.662 2628.2 209 
OJ76 2.775 30 10 30 996 10 1960 0.05 799 0_0\009 25393 4.831 5256.4 256 
B3 
3.473 2.93 30 30 30 996 10 2070 0.70 799 0.00597 26812 67.633 396.43 160 
3.268 2.93 30 30 30 996 10 2070 0.65 799 0.00605 26812 62.802 426.93 162 
3.01 2.93 30 30 30 996 10 2070 0.60 799 0.00604 26812 57.971 462.5 162 
2.743 2.93 30 30 30 996 10 2070 0.55 799 0.00600 26812 53.140 504.55 161 
2.5 2.93 30 30 30 996 10 2070 0.50 799 0.00602 26812 48.309 555 161 
-
2.25 2.93 30 30 30 996 10 2070 0.45 799 0.00602 26812 43.478 616.67 161 
~ 2 2.93 30 30 30 996 10 2070 0.40 799 0.00602 26812 38.647 693.75 161 
N 
" 
1.738 2.93 30 30 30 996 10 2070 0.35 799 0.00598 26812 33.816 792.86 160 
~ 1.489 2.93 30 30 30 996 10 2070 0.30 799 0.00597 26812 28.986 925.01 160 
1.245 2.93 30 30 10 996 10 2070 0.25 799 0.00599 26812 24.155 1110 161 
1.013 2.93 30 30 30 996 10 2070 0.20 799 0.00610 26812 19.324 1387.5 163 
0.778 2.93 30 30 30 996 10 2070 0.15 799 0.00624 26812 14.493 1850 167 
0.647 2.93 30 30 30 996 10 2070 0.10 799 0.00779 26812 9.662 2775 209 
0.4 2.93 30 30 30 996 10 2070 0.05 799 0.00963 26812 4.831 5550 258 
1.128 1.48 30 ]0 30 996 10 1045 0.70 799 0.00760 13543 67.633 200.25 103 
1.051 1.48 30 30 30 996 10 1045 0.65 799 0.00762 1354.'1 62.802 215.65 103 
0.966 1.48 30 30 30 996 10 1045 0.60 799 0.00759 13543 57.971 233.62 103 
0.884 1.48 30 30 30 996 10 1045 0.55 799 0.00758 1354.1 53.140 254.86 103 
0.803 1.48 30 30 30 996 10 1045 0.50 799 0.00757 1354~ 48.309 280.34 103 
; 0.725 1.48 30 30 30 996 10 1045 0.45 799 0.00760 13543 43.478 311.49 103 0.644 1.48 30 30 30 996 10 1045 0.40 799 0.00759 13543 38.647 350.43 IOJ 
" 
0.564 1.48 30 30 30 996 10 1045 0.35 799 0.00760 13543 33.816 400.49 103 
~ 0.484 1.48 30 30 30 996 10 1045 0.30 799 0.00761 13543 28.986 467.24 \OJ 
0 404 1.48 30 30 30 996 10 1045 0.25 799 0.00762 13543 24.155 560.69 103 
0.33 1.48 30 30 30 996 10 1045 0.20 799 0.00778 1354"< 19.324 700.86 105 
0.277 1.48 30 30 30 996 10 1045 0.15 799 0.00870 13543 14.493 934.48 118 
0.254 1.48 30 30 30 996 10 1045 0.10 799 0.01197 13543 9.662 1401.7 162 
0.164 1.48 30 30 30 996 10 1045 0.05 799 0.01545 13543 4.831 2803.4 209 
0.581 I 30 30 30 996 10 706 0.70 799 0.00858 9151 67.633 135.3 78.5 
0.542 I 30 30 30 996 10 706 0.65 799 0.00862 9151 62.802 145.71 78.9 
0.497 I 30 30 30 996 10 706 0.60 799 0.00856 9151 57.971 157.85 78.3 
0.456 I 30 30 30 996 10 706 0.55 799 0.00857 9151 53.140 172.2 78.4 
0.413 I 30 30 30 996 10 706 0.50 799 0.00854 9151 48.309 189.42 78.1 
0.371 I 30 30 30 996 10 706 0.45 799 0.00853 9151 43.478 210.47 78 
0 
~ 0.331 I 30 0 30 30 996 10 706 0.40 799 0.00854 9151 38.647 236.78 78.1 
"' 
0.289 I 30 30 30 996 10 706 0.35 799 0.00852 9151 33.816 270.6 78 ~ 
0.247 I 30 30 30 996 10 706 0.30 799 0.00852 9151 28.986 315.7 78 
0.206 I 30 30 30 996 10 706 0.25 799 0.00853 9151 24.155 378.84 78.1 
0.171 I 30 30 30 996 10 706 0.20 799 0.00883 9151 19.324 473 55 80.8 
0.138 I 30 30 30 996 10 706 0.15 799 0.00952 9151 14.493 631.4 87.1 
0.123 I 30 30 30 996 10 706 0.10 799 0.01266 9151 9.662 947.1 1\6 
0.08 I 30 30 30 996 10 706 0.05 799 0.01643 9151 4.831 1894.2 150 
0.32 0.7 30 30 30 996 10 494 0.70 799 0.00963 6406 67.633 94.71 617 
0.299 0.7 30 30 30 996 10 494 0.65 799 0.00969 6406 62.802 102 62.1 
0.275 0.7 30 30 30 996 10 494 0.60 799 0.00965 6406 57.971 110.5 618 
0.251 0.7 30 30 30 996 10 494 0.55 799 0.00963 6406 53.140 120.54 617 
0.227 0.7 30 30 30 996 10 494 0.50 799 0.00958 6406 48.309 132.6 61 3 
0.204 0.7 30 30 30 996 10 494 0.45 799 0.00957 6406 43.478 147.33 61.3 
~ 
0.182 ~ 0.7 30 30 30 996 10 494 0.40 799 0.00960 6406 38.647 165.74 61.5 
"' 
0.159 07 30 30 30 996 10 494 0.35 799 0.00959 6406 33.816 189.42 61.4 ~ 
0.136 0.7 30 30 30 996 10 494 0.30 799 0.00952 6406 28 986 220.99 61 
0.114 0.7 30 30 30 996 10 494 0.25 799 0.00957 6406 24.155 265.19 61.3 
0.094 0.7 ]0 30 30 996 10 494 0.20 799 0.00991 6406 19.324 331.49 63.5 
0 077 0.7 30 30 30 996 10 494 0.15 799 0.01076 6406 14.493 441.98 68.9 
0.068 0.7 30 30 30 996 10 494 0.10 799 0.01438 6406 9.662 662.97 92.1 
0.043 0.7 30 30 30 996 10 494 0.05 799 0.01808 6406 4.831 1326 116 
0.173 05 30 30 30 996 10 353 0.70 799 O.QI024 4575 67.633 67.65 46.8 
0.162 05 30 30 30 996 10 353 0.65 799 0.01028 4575 62.802 72.854 47.1 
0.148 0.5 30 30 30 996 10 ]j] 0.60 799 O.Q\021 4575 57.971 78.925 46.7 
0.136 0.5 30 30 30 996 10 353 0.55 799 O.DI022 4575 53.140 86.1 46.8 
•o 0.123 05 30 30 30 996 10 353 0.50 799 0.01019 4575 48.309 94.71 46.6 0 
~ 0.111 0.5 30 30 30 996 10 ]j] 0.45 799 0.01017 4575 43.478 105.23 46.5 
"' ~ 0.099 0.5 30 30 30 996 10 353 0.40 799 0.01019 4575 38.647 118.39 46.6 
0.086 0.5 30 30 30 996 10 353 0.35 799 0.01017 4575 33.816 135.3 46.5 
0.074 0.5 30 30 30 996 10 353 0 30 799 0.01016 4575 28.986 157.85 46.5 
0.062 05 30 30 ]0 996 10 353 0.25 799 0.01018 4575 24.!55 189.42 46.6 
0.051 05 30 30 30 996 10 ]j] 0.20 799 0.01054 4575 19.324 236.78 48.2 
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B.3 Turbo-C Annulus (Laminar) 
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0.763 0.248 30 JO 30 996 4 404 0.70 799 0.01315 1996 0.089 22492 26.3 
0.706 0.248 30 30 JO 996 4 404 0.65 799 0.01311 \996 0.082 24223 26.2 
0.65 0.248 10 JO 30 996 4 404 0.60 799 0.01307 1996 0.076 26241 26.1 
0.596 0.248 30 ]0 JO 996 4 404 0.55 799 0.01307 1996 0.070 28627 26.1 
0.546 0.248 ]0 JO 30 996 4 404 0.50 799 0.01317 1996 0.063 31489 26.3 
0 0.492 0.248 30 JO JO 996 4 404 0.45 799 0.01318 1996 0.057 34988 26.3 
~ 
c' 0.441 0.248 10 30 JO 996 4 404 0.40 799 0.0!331 1996 0.051 39362 26.6 
" 
0.401 0.248 30 30 30 996 4 404 0.35 799 0.01381 1996 0.044 44985 27.6 ~ 
0.348 0.248 30 JO JO 996 4 404 0.30 799 0.01398 1996 0.038 52482 27.9 
0.299 0.248 30 30 JO 996 4 404 0.25 799 0.01444 1996 0.032 62978 28.8 
0.25 0.248 30 JO 30 996 4 404 0.20 799 0.01510 1996 0.025 78723 30.2 
0.224 0.248 ]0 30 ]0 996 4 404 0.15 799 0.01801 1996 0.019 104964 36 
0.172 0.248 JO JO 30 996 4 404 0.10 799 0.02075 1996 0.013 157446 41.4 
0.116 0.248 3 I 31 31 996 4 404 0.05 782 0.02803 2039 0.006 328398 57.2 
0.683 0.224 30 30 30 996 4 365 0.70 799 0.01443 1803 0.098 18350 26 
0.632 0.224 ]0 30 30 996 4 365 0.65 799 0.01437 1803 0.091 19761 25_9 
0.583 0.224 30 ]0 30 996 4 365 0.60 799 0.01437 1803 0.084 21408 25.9 
0.535 0.224 ]0 30 30 996 4 365 0.55 799 0.01439 1803 0.077 23354 26 
0.486 0.224 30 JO JO 996 4 365 0.50 799 0.01437 1803 0.070 25689 25.9 
0 0.439 0.224 30 30 ]0 996 4 ]65 0.45 799 0.01442 1803 0.063 28544 26 g 0.394 0.224 30 JO 30 996 4 365 0.40 799 0.01458 1803 0.056 32112 26.3 
-
" 
0.351 0.224 ]0 30 30 996 4 365 0.35 799 0.01481 1803 0.049 36699 26.7 ~ 
0.309 0.224 30 30 30 996 4 365 0.30 799 0.01525 1803 0.042 42816 27.5 
0.268 0.224 ]0 30 30 996 4 365 0.25 799 0.01584 1803 0.035 51379 28.6 
0.225 0.224 30 30 JO 996 4 365 0.20 799 0.01666 1803 0.028 64224 JO 
0.19 0.224 30 JO JO 996 4 365 0.15 799 0.01873 1803 0.021 85631 33.8 
0.151 0.22 30 30 30 996 4 158 0.10 799 0.02310 1771 0.014 123901 40.9 
0.091 0.22 31 31 31 996 4 ]58 0.05 782 0.02792 1809 0.007 258430 50.5 
0.607 0.199 10 30 30 996 4 324 0.70 799. 0.01625 1602 0.111 14482 26 
0.518 0.199 30 JO 30 996 4 324 0.60 799 0.01618 1602 0.095 16896 25.9 
8 0.432 0.199 ]0 30 30 996 4 324 0.50 799 0.01618 1602 0.079 20275 25.9 
~ 
- 0.351 0.199 30 ]0 JO 996 4 324 0.40 799 0.01642 1602 0.063 25344 26_3 
" ~ 0.27:i 0.199 30 JO 30 996 4 324 0.30 799 0.01718 1602 0.047 33792 27.5 
0.198 0.199 30 JO 30 996 4 124 0.20 799 001852 1602 0.032 50688 29.7 
0.126 0.199 30 30 30 996 4 324 0.10 799 0.02353 1602 0_0\6 101376 37.7 
0_549 0.174 30 JO JO 996 4 283 0.70 799 0.01923 1401 0_\27 I 1072 26.9 
0_508 0.174 30 30 30 996 4 283 0.65 799 0.01915 1401 0.117 I 1924 26.8 
0.469 0.174 30 30 JO 996 4 283 0.60 799 0.01915 1401 0.108 12917 26_8 
0.43 0.174 30 ]0 JO 996 4 283 0.55 799 0.01918 1401 0 099 14092 26.9 
0.391 0.174 30 30 30 996 4 283 0.50 799 0.01915 1401 0.090 15501 26.8 
g 0.353 0.174 ]0 30 30 996 4 283 0.45 799 0.01921 1401 0.081 17223 26.9 
~ 0.312 0.174 ]0 30 30 996 4 283 0.40 799 0.01914 1401 0.072 19376 26.8 
-
" 
0.273 0.174 30 30 30 996 4 283 0.35 799 0.01915 1401 0.063 22144 26.8 ~ 
996 283 0.30 0.01941 0.054 25835 0.238 0.174 30 JO JO 4 799 1401 27.2 
0.202 0.174 30 JO 30 996 4 281 0.25 799 0.01984 1401 0,045 31002 27.8 
0.168 0.174 30 30 30 996 4 28] 0.20 799 0,02054 1401 0.036 38752 28.8 
0.132 0.174 30 30 30 996 4 281 0.15 799 0.02155 1401 0.027 51670 30.2 
0.109 0.174 30 30 30 996 4 283 0.10 799 0.02659 1401 0.018 77505 37.2 
0.068 0.174 ]0 30 30 996 4 283 0.05 799 0.03312 1401 0.009 155009 46.4 
-
BS 
0.458 0.15 30 30 30 996 4 244 0.70 799 0,02156 !108 0.147 8228.4 26 
0.423 0.15 30 30 30 996 4 244 0.65 799 0.02148 1208 0.136 886U 25.9 
0.391 0.15 30 30 30 996 4 244 0.60 799 0.02147 1208 0.126 9599.7 25.9 
0.359 0.15 30 30 30 996 4 244 0.55 799 0.02150 1208 0.115 10472 26 
0.326 0.15 30 30 30 996 4 244 0.50 799 0.02147 1:'.08 0.105 11520 25.9 
~ 0.294 0.15 30 30 30 996 4 244 0.45 799 0.02155 1208 0.094 12800 26 0.26 0.15 30 30 30 996 4 244 0.40 799 0.02146 121)8 0.084 14400 25.9 
-
" 
0.228 0.15 30 30 30 996 4 244 0.35 799 0.02147 1208 0.073 16457 25.9 ~ 
0.198 0.15 30 30 30 996 4 244 0.30 799 0.02177 1208 0.063 19200 26.3 
0.169 0.15 30 30 30 996 4 244 0.25 799 0.02225 1208 0.052 23039 26.9 
0.14 0.15 30 30 30 996 4 244 0.20 799 0.02303 1208 0.042 28799 27.8 
0.11 0.15 30 30 30 996 4 244 0.15 799 0.02416 1208 0.031 38399 29.2 
0.09 0.15 30 30 30 996 4 244 0.10 799 0.02982 1208 0.021 57599 36 
0.056 0.15 30 30 30 996 4 244 0.05 799 0.03714 1208 0.010 115197 44.8 
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B.4 Turbo-C Annulus (Turbulent) 
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14.66 2.734 30 30 30 996 7.2 2612 0.70 799 0.01092 23381 97.902 22492 O.Ql 
13.59 2.734 30 JO 30 996 7.2 2612 0.65 799 0.01091 23379 90.909 24223 O.D! 
12.52 2.734 JO JO 30 996 7.2 2612 0.60 799 0.01089 @##- 83.916 26241 0.01 
11.54 2.734 JO JO ]0 996 7.2 2612 0_55 798 0.01095 23417 76.923 28627 0.01 
10.47 2.734 JO 30 30 996 7.2 2612 0.50 798 0.01092 
-
69.930 31489 0.01 
-
9.4 2.734 30 JO JO 996 7.2 2612 0.45 798 0.01090 
-
62.937 34988 0.01 
~ 8.342 2.734 JO JO 30 996 7.2 2612 0.40 798 0.01088 23405 55.944 39362 O.D! 
N 
" 
7.292 2.734 30 30 30 996 7.2 2612 0.35 798 0,0!087 23410 48.951 44985 O.D! ~ 6.276 2.734 30 30 30 996 7.2 2612 0.30 798 0,01092 23405 41.958 52482 0.01 
5.24 2.734 30 30 30 996 7.2 2612 0.25 798 0.01094 #### 34.965 62978 0.01 
4.191 2.734 JO 30 30 996 7.2 2612 0.20 798 0.01093 23405 27.972 78723 0.01 
3.143 2.734 JO JO 30 996 7.2 2612 0.15 797 0.01093 
-
20.979 104964 0.01 
2.215 2.734 JO 30 30 996 7.~ 2612 0.10 798 0.01155 23401 13.986 157446 0.01 
1.385 2.734 30 30 JO 996 7_2 2612 0.05 797 0.01446 f#l## 6.993 328398 0.01 
12.9 2.527 30 30 30 996 7.2 2414 0.70 798 0.01126 21630 97.902 18350 241 
11.96 2.528 30 30 30 996 7.2 2416 0.65 798 0.01123 21656 90.909 19761 0.011 
11.02 2.528 30 30 30 996 7.2 2415 0.60 798 0.01121 21644 83.916 21408 0.011 
10.16 2.527 JO JO ]0 996 7.2 2415 0.55 798 0.01128 21630 76.923 23354 0.011 
9.212 2 527 JO JO 30 996 7.2 2415 0.50 798 0.01125 21631 69.930 25689 0.011 
~ 8.272 2.526 30 30 30 996 7.2 2413 0.45 798 0.01124 21616 62.937 28544 0.011 7.341 2.529 30 30 JO 996 7.2 2416 0.40 798 0.01120 21641 55.944 32112 0.011 
N 
" 
6.417 2.527 30 JO 30 996 7.2 2414 0.35 798 0.01120 21628 48.951 36699 0.011 
~ 5.523 2.527 30 JO 30 996 7.2 2414 0.30 798 0.01125 21627 41.958 42816 0.011 
4 611 2.526 30 30 30 996 7.2 2413 0.25 798 0.01128 21619 34,965 51379 0.011 
3.688 2.528 JO 30 JO 996 7.2 2415 0.20 798 0.01126 21637 27.972 64224 0.011 
2.807 2.528 30 30 JO 996 7.2 2415 0.15 798 0.01 143 21635 20.979 85631 0.011 
L98 2.527 JO 30 30 996 7_2 2414 0.10 798 0.01210 21632 13.986 12:1901 0.012 
1.219 2.526 30 30 30 996 7.2 2414 0.05 798 0.01490 21637 6.993 258430 0.015 
11.22 2.324 30 JO 30 996 7.2 2220 0_70 798 0.01158 19885 97.902 14482 0.012 
10.4 2.324 JO JO 30 996 7.2 2220 0.65 798 0.01156 19888 90.909 16896 0.012 
9.588 2.324 JO JO JO 996 7.2 2220 0.60 798 0.01155 19879 83.916 20275 0.012 
8.839 2.324 30 30 JO 996 7.2 2220 0.55 799 0.01161 19869 76.923 25344 0.012 
8.015 2.325 30 JO 30 996 7.2 2221 0.50 799 0.01157 19886 69_930 33792 0.012 
' 
7.197 2.324 30 30 30 996 7.2 2220 0.45 799 0.01155 19872 62.937 50688 0.012 
~ 6.387 2.324 30 30 30 996 7.2 2220 0.40 799 0,01153 19871 55.944 101376 0.012 
" 
5 583 2.323 30 30 30 996 72 2220 0.35 799 0.01153 19864 48.951 11072 0.012 ~ 4.805 2.324 30 JO 30 996 7.2 2220 0.30 799 0.01157 19871 41.958 11924 0.012 
4.012 2.324 ]0 30 JO 996 7.2 2220 0.25 799 0.01159 19870 34.965 12917 0.012 
3.209 2.323 JO JO 30 996 7_2 2219 0.20 799 O.D\160 19864 27.972 14092 0.012 
2.46 2.323 30 30 30 996 7.2 2219 0.15 799 0.01186 19859 20.979 15501 0.012 
1.772 2.322 30 JO 30 996 7_2 2219 0.10 798 0.01282 19869 13.986 !7223 0.013 
1.061 2.322 30 JO JO 996 7.2 22!8 0.05 799 0.0!535 1986! 6.993 19376 0.015 
9.425 2.095 JO 30 JO 996 7.2 2001 0.70 801 0.01197 17869 97.902 22!44 0.012 
8_738 2.095 30 30 JO 996 7.2 2002 0.65 800 0.01195 17893 90.909 25835 0.012 
8.054 2.096 30 30 30 996 7.2 2002 0.60 799 O.D\192 17924 83.916 3100:! 0.012 
> 7.425 2.095 30 30 30 996 7.2 2002 0.55 798 0.01200 17930 76.923 38752 0.012 
~ 6.732 2.097 30 JO 30 996 7.2 2003 0.50 798 0,01195 17942 69,930 51670 0.012 
" 
6.045 2.095 30 JO 30 996 7.2 2002 0.45 799 0.01194 17919 62.937 77505 0.012 
~ 5.365 2.097 JO 30 30 996 72 2004 0.40 799 0.01190 17938 55.944 155009 0.012 
4.689 2.096 30 30 JO 996 7.2 2003 0.35 798 0.01189 17939 48.951 8228.4 0.012 
4.036 2.096 30 30 JO 996 7.2 2003 0.30 798 0.01194 17947 41.958 886!.3 0.012 
3.37 2.097 30 30 30 996 7.2 2003 0.25 793 0.01196 !8066 34.965 9599_7 0.012 
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2.695 2.102 33 33 33 995 7.2 2006 0.20 756 0.01192 18974 27.972 10472 0.012 
2.036 2.099 31 31 31 996 7.2 2004 0.15 783 0.01203 18299 20.979 11520 0.012 
1.488 2.097 29 29 29 996 7.2 2004 O.lO 816 0.01321 17555 13.986 12800 0.013 
0.891 2.098 29 29 29 996 7.2 2004 0.05 811 0.01580 17680 6.993 14400 0.016 
7.66 1.874 30 30 30 996 7.2 1791 0.70 798 0.01215 16051 97.902 16457 0.012 
7.089 1.875 30 30 30 996 7.2 1791 0.65 798 0.0121 I 16049 90.909 19200 0.012 
6.546 1.876 30 30 30 996 7.2 1792 0.60 797 0.01210 16074 83.916 23039 0.012 
6.031 1.874 30 30 30 996 7.2 1791 0.55 797 0.01218 16060 76.923 28799 0.012 
5.466 1.875 30 30 30 996 7.2 1792 0.50 798 0.01213 16053 69.930 38399 0.012 
0 4.918 1.875 30 30 30 996 7.2 1791 0.45 798 0.01213 16053 62.937 57599 0.012 
•o 
0 4.376 1.875 30 30 30 996 7.2 1792 0.40 797 0.01214 16067 55.944 115197 0.012 ~ 
" 
3.823 1.875 30 30 30 996 7.2 1791 0.35 798 0.01212 16057 48.951 52482 0.012 
~ 3.273 1.875 30 30 30 996 7.2 1791 0.30 798 0.01211 16045 41.958 62978 0.012 
2.734 1.875 30 30 30 996 7.2 1791 0.25 797 0.01214 16067 34.965 78723 0.012 
~. 177 1.875 30 30 30 996 7.2 1792 0.20 797 0.01207 160r,7 27.972 104964 0.012 
I .661 1.876 30 30 30 996 7.2 1792 0.15 797 0.01227 160~3 20.979 157446 0.012 
1.209 1.874 30 30 30 996 7.2 1791 0.10 798 0.01343 16053 13.986 328398 0.013 
0.724 1.876 30 30 30 996 7.2 1792 0.05 799 0.01605 16037 6.993 18350 0.016 
5 975 1.639 30 30 30 996 7.2 1566 0.70 798 0.01239 14037 97.902 19761 0.012 
5.529 1.64 30 30 30 996 7.2 1567 0.65 798 0.01234 14042 90.909 21408 0.012 
5 106 1.64 30 30 30 996 7.2 1567 0.60 797 0.01234 14055 83.916 23354 0.012 
4.704 1.64 30 30 30 996 7.2 1567 0.55 797 0.01241 14049 76.923 25689 0.012 
4.263 1.64 30 30 30 996 7.2 1567 0.50 797 0.01237 14063 69.930 28544 0.012 
~ 3.836 1.64 30 30 30 996 7.2 1567 0.45 797 0.01237 14057 62.937 32112 0.012 
0 3.413 1.64 30 30 30 996 7.2 1567 0.40 798 0.01238 14042 55.944 36699 0.012 
" 
" 
2.982 1.64 30 30 30 996 7.2 1567 0.35 797 001236 14052 48.951 42816 0.012 
~ 2.553 1.64 30 30 30 996 7.2 1567 0.30 797 0.01234 14048 41.958 51379 0.012 
2.133 1.64 30 30 30 996 7.2 1567 0.25 797 0.01237 14058 34.965 64224 0.012 
I 698 1.64 30 30 30 996 7.2 1567 0.20 799 0.01231 140.11 27.972 85631 0.012 
1.296 1.64 30 30 30 996 7.2 1567 0,15 798 0.01252 14041 20.979 123901 0.013 
0.943 1.64 30 30 30 996 7.2 1567 0.10 799 0.01368 14024 13.986 258430 0.014 
0.565 1.64 30 30 30 996 7.2 1567 0.05 799 0.01637 14019 6.993 14482 0.016 
4.557 1.40! 30 30 30 996 7.2 1339 0.70 798 0.01294 12000 97.90~ 16896 0.013 
4.218 1.402 30 30 30 996 7.2 1339 0.65 798 0.01288 11996 90.909 20275 0.013 
3.904 1.402 30 30 30 996 7.2 1340 0.60 798 0.01291 12002 83.916 25344 0.013 
3.575 1.402 30 30 30 996 7.2 1339 0.55 798 0.01290 12003 76.923 33792 0.013 
3.258 1.402 30 30 30 996 7.2 1340 0.50 797 0.01293 !2012 69.930 50688 0.013 
~ 2.928 1.402 30 30 30 996 7.2 1339 0.45 798 0.01292 12004 62.937 101376 0.013 g 
2.607 1.401 30 30 30 996 7.2 1339 0.40 798 0.01295 I \993 55.944 11072 0.0\3 
-
" 
2.28 1.402 30 30 30 996 7.2 1339 0.35 798 0.01294 12001 48.951 11924 0.013 
~ 1.953 1.403 30 30 30 996 7.2 1340 0.30 797 0.01291 12018 41.958 12917 0.013 
1.623 1.402 30 30 30 996 7.2 1339 0.25 797 0.01289 12008 34.965 14092 0.0\3 
13 1.402 30 30 30 996 7.2 1339 0.20 798 0.01291 12002 27.972 15501 0.013 
0.977 1.402 30 30 30 996 7.2 1340 0.15 798 0.01292 12004 20.979 17223 0.013 
0.705 1.402 30 30 30 996 7.2 1340 0.10 798 0.01398 12008 13.986 19376 0.014 
0.42! 1.40! 30 30 30 996 7.2 1338 0.05 798 0.0!675 11993 6.993 22144 0.017 
3.326 1.161 30 30 30 996 7.2 1109 0.70 797 0.01375 9948 97.902 25835 0 014 
3.079 1.161 30 30 30 996 7.2 1110 0.65 796 0.01370 9966 90.909 31002 0.014 
2.85 1.161 30 30 30 996 7.2 1109 0.60 797 0.01374 9951 83.916 38752 0.014 
2.609 1.161 30 30 30 996 7.2 1109 0.55 797 0.01373 9949 76.923 51670 0.014 
2.378 1.162 30 30 30 996 7.2 1110 0.50 798 0.01374 9953 69.930 77505 0.014 
2.137 1.161 30 30 30 996 7.2 1109 0.45 798 0.01376 9941 62.937 155009 0.014 
~ 1.903 1.161 30 30 30 996 7.2 1109 0.40 797 0.01377 9948 55.944 8228.4 0.014 
" 1.665 I. 161 30 30 30 996 7.2 1109 0.35 797 0.01377 9945 48.951 8861.3 0.014 ~ 
1.425 1.161 30 30 30 996 7.2 1109 0.30 797 0.01375 9949 41.958 9599.7 0.014 
1.184 l.l61 30 30 30 996 7.2 1109 0.25 798 0.01371 9944 34.965 10472 0.014 
0.953 1.101 30 30 30 996 7.2 1110 0.20 797 0.01378 9952 27.972 11520 0.014 
0.718 I 162 30 30 30 996 7.2 1110 0.15 798 0.01384 9943 20.979 12800 0.014 
0.515 1.161 30 30 30 996 7.2 1110 0.10 797 0.01488 9949 13.986 14400 0.015 
0.308 I. 161 30 30 30 996 7.2 1110 0.05 798 0.01780 9941 6.993 16457 0.018 
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APPENDIXC 
FRICTION FACTOR TEST DATA 
C.l Plain Tube 
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I 0.121 39 29.0 29.7 29.3 1000 7.92 4.93 220 1.00 811 0.009 1820 -2 06 3.26 
2 0.122 38 27.7 28.4 28 0 1000 7.92 4.93 215 1.00 834 0.008 2039 -2.10 3.31 
3 0.105 32 26.1 26.7 26.4 1000 7.92 4.93 181 1.00 865 0.01 1653 -2.01 3.22 
4 0.098 29 25.8 25.4 25.6 1000 7.92 4.93 166 1.00 880 0.011 1492 -1.97 3.17 
5 0.121 39 29.0 29.7 29.3 1000 7 92 4.93 220 1.00 811 0.007 2153 -2.!3 3.33 
6 0.122 38 27.7 28.4 28.0 1000 7.92 4.93 215 1.00 834 0.011 1520 -!_98 3.18 
7 0.105 32 26.1 26.7 26.4 1000 7.92 4.93 181 1.00 865 0.013 1::.40 -1.89 3.09 
8 0.098 29 25.8 25.4 25.6 1000 7.92 4.93 166 I .00 880 0.014 1130 1.85 3.05 
9 0.121 39 29.0 29.7 29.3 1000 7.92 4.93 220 I .00 811 0.007 2153 -2.13 3.33 
10 0.122 38 27.7 28.4 28.0 1000 7.92 4.93 215 1.00 834 0_008 2039 "2.11 3.31 
II 0.105 32 26_1 26.7 26.4 1000 7.92 4.93 181 1.00 865 0.01 1653 "2.01 3.22 
12 0.098 29 25_8 25.4 25.6 1000 7.92 4.93 166 1.00 880 0.011 1492 -I .97 3.17 
1.1 0.121 39 29.0 29.7 29.3 1000 7.92 4.93 220 1.00 811 0.007 2350 -2.16 3.37 
14 0.122 38 27.7 28 4 28.0 1000 7.92 4.93 215 LOO 834 0.009 1880 -:!.07 3.27 
15 0.105 32 26.1 26.7 26.4 1000 7.92 4.93 181 1.00 865 O.D! 1653 -2.01 3.22 
16 0.098 29 25.8 25.4 25.6 1000 7.92 4.93 166 1.00 880 0.014 1140 -1.85 3.06 
17 0.153 ]] 31.6 31.4 31.5 1000 7.92 4.93 185 1.00 774 0.009 1892 -2.07 3.28 
18 0.123 20 3!.3 3\.0 31.2 1000 7.92 4.93 112 I .00 779 0.014 1138 -1.86 3.06 
19 0.120 37 30.4 30.0 30.2 1000 7.92 4.93 210 I .00 795 0.008 209\ -2.11 3.32 
20 0.070 24 30.8 30.3 30.5 1000 7.92 4.93 134 1.00 790 0.012 1346 -1.93 3.13 
21 0.067 24 33.3 32.8 33.1 1000 7.92 4 93 136 I .00 749 0.011 1439 -1.96 3.16 
22 0.170 40 30.5 30.4 30.4 1000 7.92 4.93 227 1.00 791 0.007 2267 -2.15 3.36 
23 0.128 29 30.1 30.0 30.0 1000 7.92 4.93 165 1.00 798 0.01 1640 -2.01 3.21 
24 o.m 37 36.0 35.6 35.8 1000 H2 4.93 207 1.00 709 0.007 2313 -2.15 3.36 
25 0.066 24 35.4 35.1 35.3 1000 7.92 4.93 136 1.00 717 O.Q\1 1497 -1.97 3 18 
26 0.155 29 31.9 31.7 31.8 1000 7.92 4.93 162 1.00 770 0.01 1670 -2.02 322 
27 0.148 35 31.2 30.8 31.0 1000 7.92 4.93 199 1.00 783 0.008 2017 -2.10 3.30 
28 0.137 30 31.5 31.2 3 I .4 1000 7.92 4.93 167 !.00 776 0.01 1702 -2.02 3.23 
29 0.128 26 31. I 30.9 31.0 1000 792 4.93 1<5 1.00 782 0.011 1471 1.9.7 3.17 
30 0.118 20 30.5 30.3 30.4 1000 7.92 4.93 113 1.00 792 0.014 1127 -1.8,4 3.05 
31 0.976 123 29.5 29.5 29.5 1000 7.92 4 93 691 1.00 808 0.008 6775 -2.o'8 3.83 
32 0.918 118 29.5 29.5 29.5 1000 7.92 4.93 664 I 00 808 0.008 6514 -2.o'7 3.81 
33 0.850 Ill 29.9 29.8 29.9 1000 7.92 4.93 638 1.00 801 0.009 6305 -2.o'7 3.80 
34 0.855 Ill 29.7 29.7 29.7 1000 7.92 4.93 635 1.00 304 0.009 6259 -2.0.'6 3.80 
35 0.789 109 30.6 30.5 30.5 1000 7.92 4.93 613 l.OO 790 0.009 6150 -2.07 3.79 
36 0.794 108 30.2 30.2 30.2 1000 7.92 4.93 611 1.00 796 0,009 6079 -2.06 3.78 
37 0.750 104 29.6 29.6 29.6 1000 7.92 4.93 587 1.00 805 0.009 5777 -::..ds 3.76 
38 0.688 100 30.4 30.3 30.3 1000 7.92 4.93 561 1.00 793 0.009 5606 -2.05 3.75 
39 0.640 95 30.3 30.2 30.3 1000 7.92 4.93 537 1.00 795 0 009 5354 -2.04 3.73 
40 0.595 91 29.9 30.0 29.9 1000 7.92 4.93 513 1.00 800 0 009 5076 -2.03 3.71 
41 0.604 90 29.6 29.6 29.6 1000 7.92 4.93 510 1.00 806 0.009 5010 -2.o'2 3.70 
42 0.545 85 30.0 29.8 29.9 1000 7.92 4.93 481 1.00 800 0.01 4764 -2.d2 3.68 
43 0.483 81 31.1 30.9 31.0 1000 7.92 4.93 456 1.00 782 0.009 4616 -2.02 3.66 
44 0 446 77 30.4 30.5 30.4 1000 7.92 4.93 432 \.00 791 0.01 4328 -2.d1 3.64 
45 0.456 78 29.8 29.8 29.8 1000 7.92 4.93 437 1.00 803 0.01 4310 -2.dl 3.63 
46 0.416 73 29.5 29.5 29.5 1000 7.92 4.93 409 1.00 808 O.Dl 4004 -1.Q9 3.60 
47 0.420 72 29.4 29.3 29.4 1000 7.92 4.93 405 1.00 810 O.D! 3958 -d9 3.60 
48 0.352 67 31.1 30.9 31.0 1000 7.92 4.93 379 I .00 782 0.01 3839 -2.d1 3.58 
Cl 
49 0.317 63 31.2 31.! 31.1 1000 7.92 4.93 357 1.00 780 (j_Q) 3621 -2.01 3.56 
50 0.318 64 30.7 30.7 30.7 1000 7.92 4.93 358 !.00 787 0.01 3604 -2.01 3.56 
51 0.345 63 28.7 28.6 28.6 1000 7.92 4.93 355 1.00 823 0 011 3415 -2.02 3.53 
52 0.335 63 29.5 29.2 29.3 1000 7.92 4.93 353 !.00 811 0 011 3447 -2.02 3.54 
53 0.310 64 3!.7 31.4 31.6 1000 7,92 4.93 358 !.00 773 0.01 3473 -2.05 3.54 
54 0.326 63 31.9 31.8 31.8 1000 7.92 4.93 357 1.00 768 0.01 3485 -2.05 3.54 
55 0.292 59 31.3 31.4 31.4 1000 7.92 4.93 333 1.00 776 0.01 3401 -2.03 3.53 
56 0.262 55 29 5 29.8 29.6 1000 7.92 4.93 307 1.00 806 0.011 3023 2.09 3.53 
57 0.229 5I 27.9 28.1 28.0 1000 7.92 4.93 285 1.00 834 0.011 2703 -2.10 3.48 
58 0.260 50 27.5 27.5 27.5 1000 7.92 4.93 281 100 844 0.013 2635 -2.08 3.47 
59 0.229 50 30.3 29.6 30.0 1000 7.92 4.93 279 1.00 800 0.012 2765 -2.09 3.49 
60 0.211 49 31.7 30.8 31.3 1000 7.92 4.93 275 1.00 778 0.01 I 2800 -2.11 J 50 
61 0.189 49 33.3 32.5 32.9 1000 7.92 4.93 277 I .00 751 0.01 2916 -2.16 3.41 
62 0.186 45 34.9 34.5 34.7 1000 7.92 4.93 254 1.00 725 0.011 2773 -2.09 3.49 
63 0.976 123 29.5 29.5 29.5 1000 7.92 4 93 691 1.00 808 0.009 6775 -2.06 3.83 
64 0.918 118 295 29.5 29.5 1000 7.92 4.93 664 1.00 808 0.009 6514 -2.06 3.81 
65 0.850 Ill 29.9 29.8 29.9 1000 7.92 4.93 638 1.00 801 0.009 6305 -2.06 3.80 
66 0.855 ill 29.7 29.7 29.7 1000 7.92 4.93 635 1.00 804 0.009 6259 -2.06 3.80 
67 0 789 109 30.6 30.5 30.5 1000 7.92 4.93 613 1.00 790 0.009 6150 -2.06 3.79 
68 0.794 108 30.2 30.2 30.2 1000 7.92 4.93 611 1.00 796 0.009 6079 2.05 3.78 
69 0.750 104 29.6 29.6 29.6 1000 7.92 4.93 587 1.00 805 0.009 5777 -2.04 3.76 
70 0.688 100 30.4 30.3 303 1000 7.92 4.93 561 1.00 793 0.009 5606 -2.04 3.75 
71 0.640 95 30.3 30.2 30.3 1000 7.92 4.93 537 1.00 795 0.(109 5354 -2.04 3.73 
72 0.595 91 29.9 30.0 29.9 1000 7.92 4.93 513 1.00 800 0.009 5076 -2.03 3.71 
73 0.604 90 29.6 29.6 29.6 1000 7.92 4.93 510 1.00 806 ()_()1 5010 -2.01 3 70 
74 0.545 85 30.0 29.8 29.9 1000 7.92 4.93 481 1.00 800 0.1)1 4764 -2.01 3.68 
75 0.483 81 31.1 30.9 31.0 1000 7.92 4.93 456 1.00 782 O.ill 4616 -2.01 3.66 
76 0.446 77 3().4 30.5 30.4 10()0 7.92 4.93 432 1.00 791 0.01 4328 -2.00 3.64 
77 0.456 78 29.8 29.8 29.8 1000 7,92 4.93 437 1.00 803 0.()1 4310 -2.00 3.63 
" 
0.416 73 29 5 29.5 29.5 1000 7,92 4.93 409 1.00 808 0.01 4004 -1.98 3.60 
79 0.420 72 29.4 29.3 29.4 1000 7 9:?. 4.93 405 1.00 810 0.011 3958 -2.00 3.60 
80 0.352 67 31.1 30.9 31.0 1000 7.92 4.93 379 1.00 782 0.(1\ 3839 -1.99 3.58 
81 0.317 63 ]12 31.! 31. I 1000 7.92 4.93 357 1.00 780 0.009 3621 -2.03 3.56 
82 0.318 64 30.7 30.7 30.7 1000 792 4.93 358 1.00 787 0.009 3604 -2.03 3.56 
83 0.345 63 28.7 28.6 28.6 1000 7.92 4.93 355 1.00 823 0.01 3415 -2.05 3.53 
84 0.335 6] 29.5 29.2 29.3 1000 7.92 4.93 ]53 1.00 811 0.01 3447 -2.06 3.54 
85 0.310 64 31.7 31.4 31.6 1000 7.92 4.93 358 1.00 773 0,01 3473 -2.07 3.54 
86 0.326 63 31.9 31.8 31 8 1000 7.92 4.93 357 1.00 768 0.011 3685 -2.04 ]57 
87 0.292 59 31.3 31.4 31.4 1000 7.92 4.93 333 1.00 776 0 01 3401 -2.07 3.53 
88 0.262 55 29.5 29.8 29.6 1000 7.92 4.93 307 1.00 806 0 011 3023 -2.05 3.53 
89 0.229 5I 27.9 28.1 28.0 1000 7.92 4.93 285 !.00 834 0.012 2703 -2.08 3.48 
90 0.260 50 27.5 27.5 27.5 1000 7.92 4.93 281 1.00 844 0.013 2635 -2.10 3.47 
91 0.229 50 30.3 29.6 30.0 1000 7.92 4.93 279 1.00 800 0.012 2765 -2.06 3.49 
92 0.211 49 31.7 30.8 31.3 1000 7.92 4.93 275 1.00 778 0.012 2800 -2.09 3.50 
9] 0.189 49 33.3 n.s 32.9 1000 7.92 4.93 277 1.00 751 0.01 2916 -2.14 3.41 
94 0.186 45 34.9 34.5 34.7 1000 7.92 4.93 254 I .00 725 0.012 2773 -2.07 3.49 
95 0.976 123 29.5 29.5 29.5 1000 7.92 4.93 698 I 00 808 0.008 6775 -2.08 3.83 
96 0.918 118 29 5 29.5 29.5 1000 7.92 4.93 671 1.00 808 0.008 6514 -2.07 3.81 
97 0.850 113 29.9 29.8 29.9 1000 7.92 4.93 644 I .00 801 0.009 6305 -2.07 3.80 
98 0.855 Ill 29.7 29 7 29.7 1000 7.92 4.93 642 I .00 804 0.009 6259 -2.06 3.80 
99 0.789 109 30.6 30.5 30.5 1000 7.92 4.93 620 I 00 790 0.00') 6150 2.07 3.79 
100 0 794 108 30.2 30.2 30.2 1000 7.92 4.93 617 1.00 796 O.OO'i 6079 -2 06 3.78 
101 0.750 104 29.6 29.6 29.6 1000 7.92 4.93 593 1.00 805 0.00'1 5777 -2.05 3.76 
102 0.688 100 30.4 30] 30.3 1000 7.92 4.93 567 1.00 793 0.00') 5606 -2.05 3.75 
103 0.640 95 30.3 30.2 30.3 1000 7.92 4.93 543 1.00 795 0.00'1 5354 -2.04 3.73 
104 0 595 91 29.9 30.0 29.9 1000 7.92 4.93 518 1.00 800 0.00'1 5076 -2.03 3.71 
105 0.604 90 29.6 29.6 29.6 1000 7.92 4.93 515 1.00 806 0.00'1 5010 -2.02 3.70 
106 0.545 85 30.0 29.8 29.9 1000 7.92 4.93 486 1.00 800 0.01 4764 2.02 3.68 
107 0.483 81 31.1 30.9 31.0 1000 7.92 4.93 460 1.00 782 0.00~ 4616 -2.02 3.66 
108 0.446 77 30.4 30.5 30.4 1000 7.92 4.93 437 1.00 791 0.01 4328 -2.01 3.64 
109 0.456 78 29.8 29.8 29.8 1000 7.92 4.93 441 1.00 803 0.01 4310 -2.01 3.63 
110 0.416 73 29.5 29.5 29.5 1000 7.92 4.93 413 1.00 808 0.01 4004 -1.99 3.60 
Ill 0.420 72 29.4 29.3 29.4 1000 7.92 4.93 409 1.00 810 0.01 3958 2.00 3.60 
112 0.352 67 31.1 30.9 31.0 1000 7.92 4.93 383 1.00 782 0.01 3839 -2.02 3.58 
113 0.317 63 312 31.1 31.1 1000 7.92 4.93 360 1.00 780 0.009 3621 -2.06 3.56 
114 0.318 64 30.7 30.7 30.7 1000 7.92 4.93 362 1.00 787 0.009 3604 -2.06 3.56 
115 0.345 63 28.7 28.6 28.6 1000 7.92 4.93 358 1.00 823 0.01 3415 2.07 3.53 
116 0.335 63 29.5 29.2 29.3 1000 7.92 4.93 356 1.00 811 0.009 3447 -2.07 3.54 
117 0.310 64 31.7 31.4 31.6 1000 7.92 4.93 362 1.00 773 0.009 3473 -2.06 3.54 
118 0.326 63 31.9 31.8 31.8 1000 7.92 4.93 361 I .00 768 0.01 3685 -2.04 3.57 
119 0.292 59 31.3 31.4 31.4 1000 7.92 4.93 337 1.00 776 0.009 3401 -:?..08 3.53 
120 0.262 55 29.5 29.8 29.6 1000 7.92 4.93 311 1.00 806 0.01 3023 -2.05 3.53 
121 0.229 5I 27.9 28.1 28.0 1000 7.92 4.93 287 1.00 834 0.011 2703 -2.11 3.48 
122 0.260 50 27.5 27.5 27.5 1000 7.92 4.93 284 1.00 844 o.on 2635 -2.09 3.47 
C2 
123 0.229 50 30.3 29.6 30.0 1000 7.92 4.93 282 l.OO 800 0.011 2665 -2.09 3.48 
124 0.211 49 3!.7 30.8 31_3 1000 7.92 4.93 278 1.00 778 0.011 2700 -2.12 3.48 
125 0.189 49 33.3 32.5 32.9 1000 7.92 4.93 279 1.00 751 0.01 2916 -2.17 3.41 
126 0.186 45 34.9 34.5 34.7 1000 7.92 4.93 256 1.00 725 0.011 2773 2.10 3.49 
127 1.035 127 30.4 30.3 30.3 1000 7.92 4.93 716 1.00 793 0,008 7146 -2.08 3.85 
128 0.884 115 30.3 30.2 30.3 1000 7.92 4.93 651 1.00 794 0.009 6487 -2.06 3.81 
129 0.745 104 30. I 30.0 30.1 1000 7.92 4.93 585 1.00 798 0.009 5804 -2,04 3.76 
130 0.614 92 30.0 29.9 30.0 1000 7.92 4.93 520 1.00 800 0.00'1 5148 -2.03 3.71 
Ill 0_492 81 30.3 30.1 30.2 1000 7.92 4.93 454 1.00 796 0.01 4517 -~_00 3.65 
132 0.382 70 30.5 30.4 30.5 1000 7.92 4.93 392 1.00 791 O.Dl 3921 -2.02 3.59 
Ill 0.292 59 29.8 29.7 29.7 1000 7.92 4.93 331 1.00 804 0.009 3265 -1.07 3.51 
134 1.181 140 32.5 32.4 32.5 1000 7.92 4.93 789 1.00 759 0.008 8238 -2.08 3.92 
135 1.021 128 32.6 32.5 32.5 1000 7.92 4.93 724 1.00 757 0.008 7571 -2.09 3.88 
136 0.873 116 32.7 32.5 32.6 1000 7.92 4.93 653 1.00 756 0.009 6840 -2.07 3.84 
137 0.735 104 32.7 32.5 32.6 1000 7.92 4.93 588 1.00 756 0.009 6164 -2.05 3 79 
138 0.602 92 32.8 32.7 32.8 1000 7.92 4.93 520 1.(}0 754 0.009 5458 -2 03 3.74 
139 0.490 81 32.8 32.7 32.8 1000 7.92 4.93 458 1.00 754 0.01 4813 -2.01 3.68 
140 0.382 71 32.9 32.7 32.8 1000 7.92 4.93 399 1.00 753 0.01 4191 -2.00 3.62 
141 1.005 127 35.0 34.9 34.9 1000 7.92 4.93 718 1.00 721 0.008 7884 -2.{)9 3.90 
142 0.858 115 35.2 35.0 35.1 1000 7.92 4.93 648 1.00 719 0.008 7141 2.07 3.85 
143 0.722 104 35.0 34.8 34.9 1000 7.92 4.93 586 1.00 722 0,009 6424 2.06 3.81 
144 0.598 93 34.9 34.7 34.8 1000 7.92 4.93 522 1.00 724 0.009 5711 -2.04 3.76 
145 0.480 81 35.2 34.9 35.0 1000 7.92 4.93 457 1.00 720 0.01 5032 -2.02 3.70 
146 0.371 70 36.6 36.2 36.4 1000 7.92 4.93 393 1.00 701 0.01 4434 -2.00 3.65 
147 15.559 626 29.9 29.9 29.9 \000 7.92 4.93 3527 1.00 801 0.006 #### -2.25 4.54 
148 14.546 602 29.8 29.9 29.9 1000 7.92 4.93 3395 1.00 802 0.006 33546 -2.25 4.53 
149 13.566 578 29.8 29.9 29.8 1000 7.92 4.93 3260 1.00 802 0.006 32211 -2.24 4.51 
150 12.669 555 30.1 30.1 30.1 1000 7.92 4.93 3126 1.00 798 0.006 31043 -2.24 4.49 
151 11.691 530 30.2 30.2 30.2 1000 7.92 4.93 2988 1.00 796 0.006 29730 -2.23 4.47 
152 10.813 506 30.1 30.2 30. I 1000 7.92 4.93 2852 I .00 797 0.006 28353 -2.23 4.45 
153 9.959 482 30.0 30.0 30.0 1000 7.92 493 2715 I .00 799 0.006 #### -2.22 4.43 
154 9.135 458 29.9 30.0 29.9 1000 7.92 4.93 2580 1.00 800 0.006 25543 -2.21 4.41 
155 8.335 4]4 29.9 29.9 29.9 1000 7.92 4.93 2444 1.00 801 0.006 24173 -2.20 4.38 
156 7.565 412 29.9 29.9 29.9 1000 7.92 4.93 2320 1.00 800 0.006 
-
-2.20 4.36 
157 6.824 388 30.0 30.0 30.0 1000 7.92 4.93 2187 1.00 799 0.006 21682 -2.19 4.34 
158 6.116 364 30.1 30.0 30. I 1000 7.92 4.93 2050 1.00 798 0.007 
-
-2.19 4.31 
159 5.446 340 30.2 30.2 30.2 1000 792 4.93 1919 I .00 795 0.007 19108 -2.18 4.28 
160 4.814 316 30.3 30.2 30.2 1000 7.92 4.93 1781 I .00 795 0.007 17754 -2.17 4.25 
161 4.216 292 30.2 30.2 30.2 1000 7.92 4.93 1648 1.00 796 0.007 16405 -2.16 4.21 
162 3.648 269 30.1 30.1 30.1 1000 7.92 4.93 1517 1.00 797 0.007 15065 -2.15 4.18 
163 3.123 246 30.0 30.0 30.0 1000 7.92 4.93 1384 1.00 799 0.007 13717 -2.14 4.14 
164 2.628 222 29.9 29.9 29.9 1000 7.92 4.93 1249 1.00 801 0.007 12360 -2.13 4.09 
165 2.168 198 30.0 30.0 30.0 1000 7.92 4.93 1116 1.00 799 0.008 11065 -2.12 4.04 
166 1.752 175 30.1 30.0 30.1 1000 7.92 4.93 984 1.00 798 0.008 9771 -2.10 3.99 
167 1.373 152 30.4 30.3 30.3 1000 7.92 4.93 854 1.00 793 0.008 8532 "2.09 3.93 
168 14.309 603 32.6 32.6 32.6 1000 7.92 4.93 3399 1.00 756 0.006 35613 -2.26 4.55 
169 13.339 578 32.6 32.7 32.7 1000 7.92 4.93 3260 1.00 756 0.006 34176 -2.25 4.53 
170 12.400 555 32.5 32.5 32.5 1000 7.92 4.93 3126 1.00 757 0.006 #### -2.25 4.51 
171 11.494 531 32.5 32.5 32.5 1000 7.92 4.93 2991 1.00 758 0.006 31248 -2.24 4.49 
172 10.612 506 32.4 32.5 32.5 1000 7.92 4.93 2853 1.00 759 0.006 29782 2.23 4.47 
173 9.758 481 32.4 32.4 32.4 1000 7.92 4.93 2713 1.00 759 0.006 28319 -2.23 4.45 
174 8.943 458 32.5 32.5 32.5 1000 7.92 4.93 2581 1.00 758 0.006 26959 -2.22 4.43 
175 8.154 434 32.5 32.5 32.5 1000 7.92 4.93 2444 1.00 758 0.006 25534 -2.21 4.41 
176 7.398 410 32.5 32.5 32.5 1000 7.92 4.93 2313 1.00 757 0.006 24185 -2.21 4.38 
177 6.668 387 32.7 32.7 32.7 1000 792 4.93 218:: 1.00 755 0.006 #### -2.~0 4 36 
178 5.977 364 32.R 32.8 32.8 1000 7.92 4.93 2051 1.00 753 0.006 21565 -2.20 4.33 
179 5.322 340 32.9 32.9 32.9 1000 7.92 4.93 1918 1.00 752 0.006 20197 -2.19 4.31 
180 4.701 316 32.7 32.7 32.7 1000 7.92 4.93 1781 1.00 754 0.007 18706 -2.18 4.27 
181 4.113 292 32.5 32.5 32.5 1000 7.92 4.93 !648 1.00 758 0.007 17219 -2.17 4.24 
182 3.559 269 32.4 32.4 32.4 1000 7.92 4.93 1515 1.00 759 0.007 15807 "2. 16 4.20 
183 3.037 245 32.5 32.5 32.5 1000 7.92 4.93 1381 1.00 758 0.007 14438 -2.15 4.16 
184 2.557 222 32.7 32.6 32.7 1000 7.92 4.93 1248 1.00 756 0.007 13087 -2.14 4.12 
185 2.116 199 32.9 32.8 32.8 1000 7.92 4.93 1121 1.00 753 0.007 11792 -2.13 4.07 
186 1.712 174 32.9 32.9 32.9 1000 7.92 4.93 982 1.00 752 0.008 10350 -2.11 4.01 
187 1.524 163 33.0 32.9 33.0 \000 7.92 4.93 916 1.00 750 0.008 9672 -2.10 3.99 
188 1.348 152 32.9 32.9 32.9 1000 7.92 4.93 855 1.00 752 0.008 9002 -2.09 3.95 
189 14.099 603 35.0 35.0 35.0 1000 7.92 4.93 3398 1,00 721 0.005 37319 -2 26 4.57 
190 13,126 579 35.3 35.3 35.3 1000 7.92 4.93 3265 1.00 717 0.006 
-
-2.26 4.56 
191 12.205 555 35.1 35.2 35.2 1000 7.92 4.93 3127 1.00 718 0.006 34475 -2.25 4.54 
192 11.312 530 35.0 35.0 35.0 1000 7.92 4.93 2987 1.00 720 0.006 li#i#i -2.25 4.52 
193 10.447 506 34.9 34.9 34.9 1000 7.92 4.93 2853 1.00 722 0.006 31314 2.24 4.50 
194 9.609 483 34.9 34.9 34,9 1000 7.92 4.93 2720 1.00 722 0.006 
-
-2.24 4.47 
195 8.798 458 35.0 35.0 35.0 1000 7.92 4.93 2582 1.00 721 0.006 28361 -2.23 4.45 
196 8.020 434 35.0 35.0 35.0 1000 7.92 493 2447 1.00 720 0.006 26917 -2.22 4.43 
C3 
C.2 Plain Annulus 
" 
" " " ' 
0 ~ ~ } ,5 ~ ~ ! ?;• £ ~ 0 § s ~ 
' 
§ ' i 6 ~ l • ' ~ • es 0 > .5 " " " > 1 "' " ~ ~ ! > 3 " ~ 
" 
~ 
~ J I 1 J " > J " ~ 0 " ' ~ ~ ~ s 
" 
~ ~ -~ g ""g "i '~ 2 ~ ~, u u u E 
0 





I 8.644 987 31.0 31.! 31.1 996 4.1 15.2 1794 0.67 781 0.013 1917 -1.90 3.28 
? 8.430 972 31.0 31.0 31.0 996 4.1 !5.2 1767 0.67 782 0.014 1786 -1.87 3.25 
3 8.213 958 31.0 3l.l 31.1 996 4.1 15.2 1742 0.67 781 [J.014 1675 -1.84 3.22 
4 8.001 944 31.0 31.1 31.0 996 4.1 !5.2 1717 0.67 782 0.015 1551 -1.81 3.19 
5 7.796 931 31.0 3l.l 31.0 996 4.1 15.2 1692 0.67 782 0.017 1420 -1.78 3.15 
6 7.585 916 31.0 3l.l 31.0 996 4.1 !5.2 1666 0.67 782 0.019 1297 -1.73 3.11 
7 7.411 902 31.0 31.0 31.0 996 4.1 !5.2 1641 0.67 782 0.02 1171 -1.69 3.07 
8 7.220 889 31.0 31.1 31.1 996 4.1 !5.2 1616 0.67 781 0.023 1042 -1.64 3.02 
9 7.020 874 31.0 31.1 31.0 996 4.1 !5.2 1590 0.67 782 0.027 913 -1.57 2.96 
10 6.824 861 31.0 31.0 31.0 996 4.1 15.2 1565 0.67 782 0.032 753 -1.49 2.88 
II 6.632 847 31.0 31.1 31.! 996 4.1 !5.2 1540 0.67 781 0.031 784 -1.51 2.89 
12 6.440 833 31.0 31.1 31.0 996 4.1 15.2 1514 0.67 782 0.04 616 -1.40 2.79 
13 6.253 819 31.0 31.0 31.0 996 4.1 15.2 1490 0.67 782 0.047 513 -1.33 2.71 
14 6.066 805 31.0 31.0 31.0 996 4.1 15.2 1464 0.67 782 0.012 1990 -1.92 3.30 
15 5.881 791 31.0 31.1 31.0 996 4.1 15.2 1438 0.67 781 0.013 1914 -1.89 3.28 
16 5.701 777 31.0 31.0 31.0 996 4.1 15.2 141J 0.67 782 0.013 1846 -1.88 3.27 
17 5.521 763 31.0 31.0 31.0 996 4.1 15.2 1387 0.67 782 0.014 1745 -1.87 3.24 
18 5.344 749 31.0 31. I 31.0 996 4.1 15.2 1362 0.67 78' 0.014 1688 -1.85 3.23 
19 5.170 735 30.9 31.0 31.0 996 4.1 15.2 1336 0.67 782 0.015 1605 -1.83 3.'J! 
20 4.998 721 31.0 31.0 31.0 996 4.1 15.2 1311 0.67 78' 0.016 1515 -1.80 3.18 
'I 4.829 707 31.0 31.0 31.0 996 4.1 !5.2 1286 0.67 782 0.017 1435 -1.78 3.16 
22 4.664 693 31.0 31.0 31.0 996 4.1 !5.2 1260 0.67 782 0.018 1352 -1.74 3.13 
23 4.500 679 31.0 31.0 31.0 996 4.1 15.2 1235 0.67 782 0.019 1278 -1.73 3.11 
24 4.340 665 31.0 31.0 31.0 996 4.1 15.2 1210 0.67 782 0.02 1198 -1.70 3.08 
25 4.340 665 31.0 31.0 31.0 996 4.1 15.2 1209 0.67 782 0.022 1117 -1.66 3.05 
26 4.181 651 31.0 31.0 31.0 996 4.1 15.2 l\84 0.67 782 0.023 1046 -1.63 3.02 
'7 4.024 637 31.1 31.1 31.1 996 4.1 15.2 1159 0.67 781 0.025 981 -1.61 2.99 
28 3.874 623 31.0 31.0 31.0 996 4.1 15.2 1134 0.67 782 0.028 873 -1.56 2.94 
29 3.725 609 31.0 31.0 31.0 996 4.1 15.2 1108 0.67 782 0.028 877 -1.56 2.94 
30 3.578 595 31.0 31.1 31.1 996 4.1 I 5.2 1082 0.67 781 0.029 827 -1.53 2.92 
3 I 3.434 581 31.0 31.1 31.1 996 4.1 15.2 1057 0.67 781 0.035 700 -1.45 2.85 
32 3.292 567 31.0 31.0 31.0 996 4.1 15.2 1032 0.67 782 0.037 658 -1.43 2.82 
33 3.154 554 31.0 31.1 31.0 996 4.1 15.2 1006 0.67 782 0.045 545 -!.35 2.74 
34 3.020 540 31.0 31.0 31.0 996 4.1 15.2 981 0.67 782 0.056 437 -1.25 2.64 
35 8.588 985 32.0 3?.1 32.1 995 4.1 15.2 1790 0.67 765 0.0! 3978 -2.00 3.60 
36 8.374 971 32.0 32.0 32.0 995 4.1 15.2 1764 0.67 766 0.01 3851 -2.00 3.59 
37 8.157 957 32.0 32.1 32.1 995 4.1 15.? 1739 0.67 765 0.01 3715 -1.99 3.57 
38 7.946 943 32.0 32.0 32.0 995 4.1 15.2 1714 0.67 766 0.01 3587 -1.99 3.55 
39 7.735 929 32.0 32.0 32.0 995 4.1 15.2 1688 0.67 766 0.01 3470 -1.98 3.54 
40 7.531 915 32.0 32.1 3?.0 995 4.1 15.2 1663 0.67 765 0.011 3335 -1.98 3.52 
41 7.399 902 32.0 32.0 32.0 995 4.1 15.2 1639 0.67 766 0.011 3218 -1.98 3.51 
42 7.195 887 32.0 32.0 32.0 995 4.1 !5.2 1613 0.67 766 0.0 II 3095 -1.97 3.49 
43 6.996 874 32.0 32.0 32.0 995 4.1 15.2 1588 0.67 766 0.011 2964 -1.97 3.47 
44 6.799 860 32.0 32.0 32.0 995 4.1 15.2 1562 0.67 766 0.01 I 2838 -1.96 3.45 
45 6.602 846 32.0 32. I 32.1 995 4.1 15.2 1537 0.67 765 0.011 2710 -1.95 3.43 
46 6.412 83 I 32.0 32.1 32.0 995 4.1 15.2 1511 0.67 765 0.01 I 2582 -1.95 3.41 
47 6.222 818 31.9 32.0 3\.9 995 4.1 15.2 1486 0.67 767 0.0!1 2447 -1.94 3.39 
48 6.031 804 32.0 3?.0 32.0 995 4.1 15.2 1461 0.67 766 0.01 39?! -2.00 3.59 
49 5.845 790 32.0 32.0 32.0 995 4.1 15.2 1436 0.67 766 0.01 3788 -2.00 3.58 
50 5.660 776 32.0 32.0 32.0 995 4.1 [5.2 1410 0.67 766 0.01 3664 -1.99 3.56 
51 5.508 762 31.9 32.0 32.0 995 4.1 15.2 1385 0.67 766 0.01 3524 -1.99 3.55 
52 5.329 748 32.0 32.0 3?.0 995 4.1 15.2 1360 0.67 766 0.01 3393 -1.99 3.53 
53 5.151 734 32.1 32.1 3?.1 995 4.1 15.2 1334 0.67 765 0.01 3280 -1.98 3.52 
54 4.979 720 32.0 32.0 32.0 995 4.1 15.2 1309 0.67 766 0.011 3151 -1.97 3.50 
55 4.809 706 31.9 32.0 32.0 995 4.1 15.2 1283 0.67 766 0.011 3012 -1.97 3.48 
56 4.641 692 31.9 32.0 32.0 995 4.1 15.2 1258 0.67 766 0.011 2890 -1.96 3.46 
C4 
57 4.473 678 32.0 32.1 32.1 995 4.1 15.2 1233 0.67 765 O.Qll 2755 -1.96 3.44 
58 4.311 664 32.0 32.0 32.0 995 4.1 15.2 1207 0.67 766 0.011 2629 -1.95 3.47 
59 4.150 650 31.9 32.0 32.0 995 4.1 15.2 ll82 0.67 766 0.011 2505 -1.95 3.40 
60 3.992 636 32.0 32.0 32.0 995 4.1 15.2 1156 0.67 766 O.Oll 2374 -1.95 3.38 
61 3.837 622 32.0 32.0 32.0 995 4.1 15.2 1131 0.67 766 0.011 2691 -1.95 3.43 
62 3.696 608 32.0 32.0 32.0 995 4.1 15.2 1106 0.67 766 O.Oll 2553 -1.95 3.41 
63 3.547 595 32.0 32.0 32.0 995 4.1 15.2 1081 0.67 766 0.011 2432 -1.95 3.39 
64 3.401 580 32.0 32.0 32.0 995 4.1 15.2 1055 0.67 766 0.012 2304 -1.94 3.36 
65 3.256 566 32.0 32.1 32.1 995 4.1 15.2 1030 0.67 765 0.012 2168 -1.93 3.34 
66 3.115 553 32.0 32.0 32.0 995 4.1 15.2 1004 0.67 766 0.012 2049 -1.93 3.31 
67 2.975 538 32.0 32.0 32.0 995 4.1 15.2 979 0.67 766 0.011 2779 -1.95 3.44 
68 2.840 525 32.0 32.0 32.0 995 4.1 15.2 954 0.67 766 0.011 2710 -1.95 3.43 
69 2.725 511 32.0 32.0 32.0 995 4.1 15.2 928 0.67 766 0.011 2629 -1.95 3.42 
70 2.594 497 32.0 32.0 32.0 995 4.1 15.2 903 0.67 766 0.011 2545 -1.95 3.41 
71 2.466 482 32.0 32.0 32.0 995 4.1 15.2 877 0.67 766 0.011 2463 -1.94 3.39 
72 2.341 468 32.0 32.0 32.0 995 4.1 15.2 851 0.67 766 0.011 2397 -1.94 3.38 
73 2.225 455 32.0 32.0 32.0 995 4.1 15.2 826 0.67 766 0.012 2300 -1.93 3.36 
74 2.106 441 32.0 32.0 32.0 995 4.1 15.2 802 0.67 766 0.012 2228 -1.93 3.35 
75 1.991 427 32.0 32.0 32.0 995 4.1 15.2 776 0.67 766 0.012 2154 -1.93 3.33 
76 1.878 413 32.0 32.0 32.0 995 4.1 15.2 750 0.67 766 0.012 2075 -1.92 3.32 
77 1.001 287 33.0 33.0 33.0 995 4.1 15.2 521 0.66 750 0.008 9184 -?. !0 3.96 
78 0.952 279 33.1 33.1 33.1 995 4.1 15.2 507 0.66 749 0.008 9039 -?.09 3.96 
79 0.903 271 33.1 33.1 33.1 995 4.1 15.2 492 0.66 749 0.008 89?6 -2.09 3.95 
80 0.856 263 33.0 33.0 33.0 995 4.1 15.2 477 0.66 750 0.008 8785 -2.09 3.94 
81 0.811 255 32.9 33.0 32.9 995 4.1 15.2 463 0.66 751 0.008 8657 -2.09 3.94 
82 0.765 247 33.2 HI 33.2 995 4.1 15.2 448 0.66 748 0.008 8525 -2.09 3.93 
83 0.722 238 32.9 32.8 32.9 995 4.1 15.2 433 0.66 752 0.008 8391 -2.08 3.92 
84 0.680 230 32.9 32.9 32.9 995 4.1 15.2 419 0.66 752 0.008 8277 -2.08 3.92 
85 0.638 222 33.1 33.1 33.1 995 4.1 15.2 403 0.66 749 0.008 8137 -2.08 3.91 
86 0.598 214 33.1 33.1 33.1 995 4.1 15.2 388 0.66 749 0.008 8007 -2.08 3.90 
87 0.559 206 33.0 32.9 32.9 995 4.1 15.2 374 0.66 751 0.008 7888 -2.08 3.90 
88 0.547 198 32.9 33.0 33.0 995 4.1 15.2 359 0.66 751 0.008 7749 -2.08 3.89 
89 0.525 190 33.0 33.1 33.1 995 4.1 15.2 346 0.66 749 0.008 7620 -2.07 3.88 
90 0.488 181 32.8 32.7 32.8 995 4.1 15.2 329 0.66 754 0.008 7488 -2.07 3.87 
91 0.464 174 33.3 33.1 33.2 995 4.1 15.2 315 0.66 747 0.009 7363 -2.07 3.87 
92 0.44? 165 33.0 33.1 33.1 995 4.1 15.2 301 0.66 749 0.009 7228 -2.07 3.86 
93 0.423 !57 32.8 32.8 32.8 995 4.1 15.2 285 0.66 753 0.009 7094 -2.07 3.85 
94 0.406 149 32.7 32.7 32.7 995 4.1 15.2 271 0.66 755 0.009 6970 -2.06 3.84 
95 0.388 140 32.8 32.7 32.7 995 4.1 15.2 255 0.66 754 0.009 6832 -2.06 3.83 
96 0.361 133 32.7 32.6 32.6 995 4.1 15.? 242 0.66 756 0.009 6704 -2.06 3.83 
97 0.341 124 32.7 32.7 32.7 995 4.1 15.2 226 0.66 755 0.009 6577 -2.06 3.82 
98 0.322 116 32.6 32.6 32.6 995 4.1 15.2 211 0.66 756 0.009 6445 -2.06 3.81 
99 0.298 108 32.8 32.9 32.9 995 4.1 15.2 197 0.66 752 0.009 6320 -2.05 3.80 
100 0.273 100 33.5 33.4 33.5 995 4.1 15.2 182 0.66 743 0.009 6185 -2.05 3.79 
101 0.?52 91 3?.4 32.6 32.5 995 4.1 15.2 165 0.66 758 0.009 6184 -2.05 3.79 
102 0.251 91 32.9 32.5 32.7 995 4.1 15.2 165 0.66 755 0.009 6058 -2.05 3.78 
103 0.227 84 33.7 33.6 33.7 995 4.1 15.2 !53 0.66 740 0.009 5937 -2.05 3.77 
104 0.209 74 32.0 32.0 32.0 995 4.1 15.2 134 0.66 766 0.009 5799 -2.05 3.76 
105 0.178 66 34.3 34.0 34.2 995 4.1 15.2 PI 0.66 733 0.009 5666 -2.04 3.75 
106 0.158 57 32.5 32.8 32.6 995 4.1 15.2 103 0.66 756 0.009 5545 -2.04 3.74 
107 0.131 46 31.8 31.6 31.7 996 4.1 15.2 84 0.66 771 0.009 5415 -2.04 3.73 
108 1.001 287 33.0 33.0 33.0 995 4.1 I 5.2 521 0.66 750 0.009 5?78 -2.03 3.72 
109 0.952 279 33.1 33.1 33.1 995 4.1 15.2 507 0.66 749 0.009 5151 -2.03 3.71 
110 0.903 271 33.] 33.1 33.1 995 4.1 15.2 492 0.66 749 0.009 5020 -2.03 3.70 
Ill 0.856 263 33.0 33.0 33.0 995 4.1 15.? 477 0.66 750 0.009 4885 -2.02 3.69 
112 0.811 255 3?.9 33.0 32.9 995 4.1 15.2 463 0.66 751 0.01 4759 -2.02 3.68 
113 0.765 247 33.2 33.1 33.2 995 4.1 15.2 448 0.66 748 0.01 4635 -2.02 3.67 
114 0.722 238 32.9 32.8 32.9 995 4.1 15.2 433 0.66 752 0.01 4499 -2.01 3.65 
115 0.680 230 32.9 32.9 32.9 995 4.1 15.2 419 0.66 752 0.01 4360 -2.01 3.64 
116 0.638 222 33.1 33.1 33.1 995 4.1 15.2 403 0.66 749 0.01 4236 -2.01 3.63 
117 0.598 714 33.1 33.1 33. I 995 4.1 15.? 388 0.66 749 0.01 4112 -2.00 3.61 
118 0.559 206 33.0 32.9 32.9 995 4.1 15.2 374 0.66 751 0.008 9360 -2.10 3.97 
119 0.547 198 32.9 33.0 33.0 995 4.1 15.2 359 0.66 751 0.008 9217 -2.09 3.96 
120 0.525 190 33.0 33.1 33.1 995 4.1 15.2 346 0.66 749 0.008 9095 -2.09 3.96 
121 0.488 181 32.8 32.7 32.8 995 4.1 15.2 329 0.66 754 0.008 8954 -2.09 3.95 
122 0.464 174 33.3 33.1 33.2 995 4.1 15.2 315 0.66 747 0.008 8816 -2.09 3.95 
123 0.442 165 33.0 33.1 33.1 995 4.1 15.2 301 0.66 749 0.008 8691 -2.09 3.94 
124 0.423 !57 32.8 32.8 32.8 995 4.1 15.2 ?85 0.66 753 0.008 8563 -2.08 3.93 
cs 
125 0.406 149 32.7 32.7 32.7 995 4.1 15.2 271 0.66 755 0.008 8420 -2.08 3.93 
126 0.388 140 32.8 32.7 32.7 995 4.1 15.2 255 0.66 754 0.008 8293 -2.08 3.92 
127 0.361 131 32.7 32.6 32.6 995 4.1 15.2 242 0.66 756 0.008 8161 -2.08 3.91 
128 0.341 124 32.7 32.7 32.7 995 4.1 15.2 226 0.66 755 0.008 8041 -2.08 3.91 
129 0.322 116 32.6 32.6 32.6 995 4.1 15.2 211 0.66 756 0.008 7898 -2.08 3.90 
130 0.298 108 32.8 32.9 32.9 995 4.1 15.2 197 0.66 752 0.008 7753 -2.07 3.89 
Ill 0.273 100 33.5 33.4 33.5 995 4.1 15.2 182 0.66 743 0.008 7634 -2.07 3.88 
132 0.252 91 32.4 32.6 32.5 995 4.1 15.2 165 0.66 758 0.008 7501 -2.07 3.88 
Ill 0.251 91 32.9 32.5 32.7 995 4.1 15.2 165 0.66 755 0.009 7368 -2.07 3.87 
114 0.227 84 33.7 33.6 33.7 995 4.1 !5.2 153 0.66 740 0.009 7229 -2.07 3.86 
135 0.209 74 32.0 32.0 32.0 995 4.1 15.2 134 0.66 766 0.009 7098 -2.06 3.85 
136 0.178 66 34.3 34.0 34.2 995 4.1 ]5.2 121 0.66 7ll 0.009 6981 -2.06 3.84 
137 0.158 57 32.5 32.8 32.6 995 4.1 15.2 103 0.66 756 0.009 6837 -2.06 3.83 
118 0.131 46 31.8 31.6 31.7 996 4.1 15.2 84 0.66 771 0.009 6699 -2.06 3.83 
139 1.001 287 33.0 33.0 33.0 995 4.1 15.2 521 0.66 750 0.009 6569 -2.06 3.82 
140 0.952 279 33.1 33.1 33.1 995 4.1 15.2 507 0.66 749 0.009 6445 -2.06 3.81 
141 0.903 271 33.1 33.1 33.1 995 4.1 15.2 492 0.66 749 0.009 6306 -2.05 3.80 
142 0.856 261 33.0 33.0 33.0 995 4.1 15.2 477 0.66 750 0.009 6171 -2.05 3.79 
143 0.811 255 32.9 33.0 32.9 995 4.1 15.2 461 0.66 751 0.009 6041 -2.05 3.78 
144 0.765 247 33.2 33.1 33.2 995 4.1 15.2 448 0.66 748 0.009 5908 -2.05 3.77 
145 0.722 238 32.9 32.8 32.9 995 4.1 15.2 433 0.66 752 0.009 5776 -2.04 3.76 
146 0.680 210 32.9 32.9 32.9 995 4.1 15.? 419 0.66 752 0.009 5646 -2.04 3.75 
147 0.638 222 33.1 33.1 33.1 995 4.1 15.2 401 0.66 749 0.009 5509 -2.04 3.74 
148 0.598 214 33.1 33.1 33.1 995 4.1 15.2 188 0.66 749 0.009 5385 -2.04 3.73 
149 0.559 206 33.0 32.9 32.9 995 4.1 15.2 174 0.66 751 0.009 5244 -2.03 3.72 
!50 0.547 198 32.9 33.0 33.0 995 4.1 15.2 359 0.66 751 0.009 5114 -2.03 3.71 
151 0.525 190 33.0 33.1 33.1 995 4.1 15.2 346 0.66 749 0.009 4980 -2.03 3.70 
152 0.488 181 32.8 32.7 32.8 995 4.1 15.2 129 0.66 754 0.009 4848 -2.02 3.69 
153 0.464 174 33.3 33.1 33.2 995 4.1 15.2 315 0.66 747 0.01 4716 -2.02 3.67 
154 0.442 165 33.0 33.1 33.1 995 4.1 15.2 lOI 0.66 749 0.01 4581 -2.02 3.66 
155 0.423 !57 32.8 32.8 32.8 995 4.1 15.2 285 0.66 751 0.01 4445 -2.02 3.65 
!56 0.406 149 32.7 32.7 32.7 995 4.1 15.2 271 0.66 755 0.01 4314 -2.01 3.63 
!57 0.388 140 32.8 32.7 32.7 995 4.1 15.2 255 0.66 754 0.01 4187 -2.01 3.62 
!58 0.361 133 32.7 32.6 32.6 995 4.1 15.2 242 0.66 756 0.01 4055 -2.01 3.61 
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I 9.914 875 31.0 31.1 3l.l 996 4.1 15.2 1591 0.67 781 0.013 2232 -1.88 3.35 
2 9.376 849 30.9 31.0 31.0 996 4,1 15.2 1543 0.67 783 0.014 2113 -1.86 3.32 
3 8.842 823 31.0 31.0 31.0 996 4.1 15.2 1496 0.67 782 0.015 1985 -1.83 3.30 
4 8.843 823 31.0 31.0 31.0 996 4,1 15.2 1496 0.67 782 0.015 1871 -1.81 3.27 
5 8.322 797 31.0 31.0 31.0 996 4,1 15.2 1449 0.67 782 0.017 1746 -1.78 3.24 
6 7.823 771 31.0 31.0 31.0 996 4.1 15.2 1401 0.67 782 0.018 1626 -1.75 3.21 
7 7.333 744 31.0 31.1 31.0 996 4.1 15.2 1353 0.67 782 0.019 1529 -1.72 3.18 
8 6.859 719 31.0 3l.l 31.0 996 4,1 15.2 1307 0.67 782 0.021 1390 -1.68 3.14 
9 6.399 692 31.0 31.1 31.0 996 4,1 15.2 1259 0.67 782 0.023 1289 -1.64 3.11 
10 5.956 666 31.0 31.0 31.0 996 4.1 15.2 1212 0.67 782 0.026 1154 -1.59 3.06 
II 5.528 641 30.9 31.0 31.0 996 4.1 15.2 1165 0.67 783 0.03 1035 -1.53 3.02 
12 5.115 614 31.0 31.0 31.0 996 4.1 15.2 1117 0.67 782 0.033 903 -1.48 2.96 
13 4.714 588 31.0 31.0 31.0 996 4.1 152 \069 0.67 782 0.04 781 -1.39 2.89 
14 4.319 561 31.0 31.0 31.0 996 4.1 15.2 1020 0.67 782 0.05 647 -1.31 2.81 
15 3.964 536 31.0 31.0 31.0 996 4.1 15.2 975 0.67 782 0.013 2211 -1.88 3.34 
16 3.600 510 31.0 31.0 31.0 996 4.1 15.2 927 0.67 782 0.014 2132 -1.87 3.33 
17 3.264 484 31.0 Jl.O 31.0 996 4.1 15.2 880 0.67 782 0.014 2066 -1.85 3.32 
18 2.942 458 31.0 31.1 31.0 996 4.1 15.2 832 0.67 782 0.015 2000 -1.84 3.30 
19 2.636 432 30.9 31.0 31.0 996 4.1 15.2 785 0.67 783 0.015 1928 -1.82 3.29 
20 2.343 406 31.0 31.0 31.0 996 4.1 15.2 738 0.67 782 0.016 1845 -1.81 3.27 
21 2.067 380 31.0 31.1 31.1 996 4.1 15.2 691 0.67 781 0.016 1781 -1.79 3.25 
72 1.808 355 30.9 31.0 31.0 996 4.1 15.2 646 0.67 783 0.017 1711 -1.77 3.23 
23 1.564 330 31.1 31.1 31.1 996 4.1 15.2 600 0.67 781 0.018 1636 -1.76 3.21 
24 L337 304 31.0 31.0 31.0 996 4.1 15.2 553 0.67 783 0.019 1566 -1.73 3.19 
25 1.127 279 30.9 30.9 30.9 996 4.1 15.2 506 0.67 784 0.02 1480 -1.71 3.17 
26 0.932 252 31.2 3l.l 31.1 996 4.1 15.2 459 0.67 780 0.021 1416 -1.68 3.15 
27 9.914 875 31.0 31.1 31.1 996 4.1 15.2 1591 0.67 781 0.022 1336 -1.65 3.13 
28 9.376 849 30.9 31.0 31.0 996 4,1 15.2 1543 0.67 783 0.024 1266 -1.63 3.10 
29 8.842 823 31.0 31.0 11.0 996 4.1 15.2 1496 0.67 782 0.0?5 1198 -1.60 3.08 
30 8.843 823 31.0 31.0 31.0 996 4.1 15.2 1496 0.67 782 0.0?7 1132 -1.57 3.05 
31 8.322 797 31.0 31.0 31.0 996 4.1 15.2 1449 0.67 782 0.028 1067 -1.55 3.03 
37 7.823 771 31.0 31.0 31.0 996 4.1 15.2 1401 0.67 782 0.031 980 -1.51 2.99 
33 7.333 744 31.0 31.1 31.0 996 4.1 15.2 1353 0.67 782 0.034 910 -1.47 2.96 
34 6.859 719 31.0 31.1 31.0 996 4.1 15.2 1307 0.67 782 0.039 802 -1.41 2.90 
35 6.399 692 31.0 31.1 31.0 996 4.1 152 1259 0.67 782 0.041 753 -!.38 2.88 
36 5.956 666 31.0 31.0 31.0 996 4.1 15.2 1212 0.67 782 0.051 635 -1.30 2.80 
37 5.528 641 30.9 31.0 31.0 996 4.1 15.2 1165 0.67 783 0.013 2197 -1.89 3.34 
38 5.115 614 31.0 31.0 31.0 996 4.1 15.2 1117 0.67 782 0.014 2123 -1.87 3.33 
39 4.714 588 31.0 31.0 31.0 996 4.1 15.2 1069 0.67 782 0.014 2047 -1.85 3.31 
40 4.319 561 31.0 31.0 31.0 996 4.1 15.2 1020 0.67 782 0.015 1973 -1.83 3.30 
41 3.964 536 31.0 31.0 31.0 996 4.1 I 5.2 975 0.67 782 0.015 1902 -1.81 3.28 
42 3.600 510 31.0 31.0 31.0 996 4.1 15.2 927 0.67 782 0.016 1819 -1.79 3.26 
43 3.264 484 31.0 31.0 31.0 996 4.1 15.2 880 0.67 787 0.017 1756 -1.76 3.24 
44 ?.942 458 3l.O 31.1 31.0 996 4.1 15.2 832 0.67 782 0.018 1666 -1.75 3.22 
45 2.636 432 30.9 31.0 31.0 996 4.1 15.2 785 0.67 783 0.018 1594 -1.73 3.20 
46 2.343 406 31.0 31.0 31.0 996 4,1 15.2 738 0.67 782 0.019 1540 -1.71 3.19 
47 2.067 380 31.0 31.1 31.1 996 4.1 15.2 691 0.67 781 0.021 1461 -1.69 3.16 
48 1.808 355 30.9 31.0 31.0 996 4.1 15.2 646 0.67 783 0.022 1392 -1.66 3.14 
49 1.564 330 31.! 31.1 31.1 996 4.1 15.2 600 0.67 781 0.023 1311 -1.64 3.12 
50 1.337 304 31.0 31.0 31.0 996 4.1 15.2 553 0.67 783 0.025 1226 -1.61 3.09 
51 l.l27 279 30.9 30.9 30.9 996 4.1 15.2 506 0.67 784 0.026 1168 -1.59 3.07 
52 0.932 252 31.2 31.1 31.1 996 4,1 15.2 459 0.67 780 0.028 1092 -1.56 3.04 
53 9.914 875 31.0 31.1 3l.l 996 4,1 15.2 1591 0.67 781 0.03 992 -1.52 3.00 
54 9.376 849 30.9 31.0 31.0 996 4,1 15.2 1543 0.67 783 0.032 939 -1.49 2.97 
55 8.842 823 31.0 31.0 31.0 996 4,1 15.2 1496 0.67 782 0.037 850 -1.43 2.93 
56 8.843 823 31.0 31.0 31.0 996 4.1 15.2 1496 0.67 782 0.041 777 -1.39 2.89 
(7 
57 8.32? 797 31.0 31.0 31.0 996 4.1 15.2 1449 0.67 782 0.049 657 -1.31 2.82 
58 9.927 880 32.0 32.0 32.0 995 4.1 15.2 1600 0.67 766 0.013 3777 -1.89 3.58 
59 9.653 867 32.0 32.1 32.0 995 4.1 15.2 1576 0.67 765 11.013 3537 -1.89 3.55 
60 9.384 854 31.9 32.0 32.0 995 4.1 15.2 1552 0.67 766 0.013 3300 -1.89 3.52 
61 9. Jl7 841 31.9 32.0 32.0 995 4.1 15.2 1528 0.67 766 0.013 3070 -1.89 3.49 
62 8.854 828 32.0 32.0 32.0 995 4.1 15.2 1505 0.67 766 0.013 2828 -1.88 3.45 
63 8.593 814 32.0 32.1 32.0 995 4.1 15.2 1480 0.67 765 0.013 2585 -1.88 3.41 
64 8.336 801 32.0 32.1 32.1 995 4.1 15.2 1456 0.67 765 0.013 2353 -1.88 3.37 
65 8.082 788 32.0 32.1 32.0 995 4.1 15.2 1431 0.67 765 0.013 3864 -1.90 3.59 
66 7.831 775 32.0 32.0 32.0 995 4.1 15.2 1409 0.67 766 0.013 3742 -1.89 3.57 
67 7.583 761 32.0 32.1 32.0 995 4.1 15.2 1384 0.67 765 0.013 3618 -1.89 3.56 
68 7.340 748 3?.0 32.0 32.0 995 4.1 15.2 1360 0.67 766 0.013 3491 -1.89 3.54 
69 7.099 735 3?.0 32.0 32.0 995 4.1 15.2 1336 0.67 766 0.013 3369 -1.89 3.53 
70 6.862 722 32.0 32.0 32.0 995 4.1 15.2 1312 0.67 766 0.013 3262 -1.89 3.51 
71 6.628 709 32.0 32.0 32.0 995 4.1 15.2 1288 0.67 766 0.013 3131 -1.89 3.50 
72 6.399 696 32.0 32.1 32.1 995 4.1 15.2 1265 0.67 765 0.013 3016 -1.89 3.48 
73 6.175 683 32.0 32.0 32.0 995 4.1 15.2 1241 0.67 765 0.013 2888 -1.89 3.46 
74 5.955 670 32.0 32.1 32.0 995 4.1 15.2 1217 0.67 765 0.013 2764 -1.89 3.44 
75 5.738 656 32.0 32.1 32.0 995 4.1 15.2 1192 0.67 765 0.013 2645 -1.89 3.42 
76 5.525 643 32.0 32.0 32.0 995 4.1 15.2 1168 0.67 766 0.013 2526 -1.89 3.40 
77 5.316 630 32.0 32.1 32.0 995 4.1 15.2 1145 0.67 766 0.013 7397 -1.88 3.38 
78 5.110 617 32.0 32.0 32.0 995 4.1 15.2 1122 0.67 766 0.013 3934 -1.89 3.59 
79 4.908 604 32.0 32.0 32.0 995 4.1 15.2 1097 0.67 766 0.013 ]807 -1.89 3.58 
80 4.709 591 32.0 32.0 32.0 995 4.1 15.2 1074 0.67 766 0.013 3680 -1.89 3.57 
81 4.514 577 32.0 32.1 32.0 995 4.1 15.2 1049 0.67 765 0.013 3564 -1.89 3.55 
82 4.324 565 31.9 32.0 32.0 995 4.1 15.2 1026 0.67 766 0.013 3424 -1.89 3.53 
83 4.137 551 32.0 32.0 32.0 995 4.1 15.2 1002 0.67 766 0.013 3314 -1.89 3.52 
84 3.954 538 32.0 32.1 32.0 995 4.1 15.2 979 0.67 765 0.013 3196 -1.89 3.50 
85 3.775 525 32.0 32.1 32.0 995 4.1 15.2 955 0.67 765 0.013 3063 -1.89 3.49 
86 3.600 512 32.0 32.0 32.0 995 4.1 15.2 931 0.67 766 0.013 2943 -1.89 3.47 
87 3.428 499 32.0 32.0 32.0 995 4.1 15.2 907 0.67 766 0.013 2823 -1.89 3.45 
88 3.260 486 32.0 32.0 ]2.0 995 4.1 15.7 883 0.67 766 0.013 7700 -1.89 3.43 
89 3.097 473 32.0 32.0 32.0 995 4.1 15.2 859 0.67 766 0.013 2575 -1.88 3.41 
90 2.936 460 32.0 32.0 32.0 995 4.1 15.7 836 0.67 766 0.013 2452 -1.88 3.39 
91 2.780 447 32.0 32.0 32.0 995 4.1 15.2 812 0.67 766 0.013 2313 -1.88 3.36 
92 7.627 434 32.0 32.0 32.0 995 4.1 15.7 789 0.67 765 O.OH 2188 -1.88 3.34 
93 7.480 421 32.0 32.1 32.1 995 4.1 15.2 765 0.67 765 0.013 2472 -1.88 3.39 
94 2.336 408 31.9 32.0 31.9 995 4.1 15.2 741 0.67 767 0.013 2365 1.88 3.37 
95 7.193 394 32.0 32.0 32.0 995 4.1 15.2 716 0.67 766 0.013 2507 -1.89 3.40 
96 2.053 381 32.0 32.0 32.0 995 4.1 15.2 692 0.67 766 0.013 2427 -1.89 3.38 
97 1.927 368 32.0 32.0 32.0 995 4.1 15.2 668 0.67 766 0.013 2361 -1.89 3.37 
98 1.794 355 32.0 32.0 32.0 995 4.1 15.2 645 0.67 766 0.013 2288 -1.88 3.36 
99 1.671 344 32.0 32.0 32.0 995 4.1 15.2 624 0.67 766 0.013 2571 -1.89 3.41 
100 1.553 330 31.9 32.0 32.0 995 4.1 15.2 600 0.67 767 0.013 2492 -1.89 3.40 
101 1.439 318 32.0 32.0 32.0 995 4.1 15.2 578 0.67 766 0.013 2418 -1.89 3.38 
102 1.377 305 31.9 32.0 31.9 995 4.1 15.2 554 0.67 767 0.013 2352 -1.89 3.37 
103 1.219 291 31.9 32.0 31.9 995 4.1 15.2 530 0.67 767 0.013 2263 -1.89 3.35 
104 9.892 878 33.0 33.1 33.0 995 4.1 15.2 1596 0.67 750 0.012 8145 -1.93 3.91 
105 9.619 865 33.0 33.0 33.0 995 4.1 I 5.2 1572 0.67 750 0.012 7890 -1.93 3.90 
106 9.348 852 33.0 33.0 33.0 995 4.1 15.2 1548 0.67 750 0.012 7658 -1.93 3.88 
107 9.084 839 32.9 33.0 33.0 995 4.1 15.2 1525 0.67 751 0.012 7646 -1.93 3.88 
108 8.821 826 33.0 33.1 33.0 995 4.1 15.2 1500 0.67 750 0.012 74!1 -1.93 3.87 
109 8.561 813 32.9 33.0 33.0 995 4.1 15.2 1477 0.67 750 0.012 7168 1.92 3.86 
II 0 8.306 800 33.0 33.0 33.0 995 4.1 15.2 1454 0.67 750 O.OP 6924 -1.92 3.84 
Ill 8.053 787 33.0 33.1 33.1 995 4.1 15.2 1429 0.67 749 0.012 6685 -1.92 3.83 
112 7.806 773 33.0 33.0 33.0 995 4.1 15.2 1405 0,67 751 0.012 6443 -1.92 3.81 
113 7.558 760 33.0 33.0 33.0 995 4.1 15.2 1381 0.67 750 0.012 6195 -1.92 3.79 
114 7.317 747 33.0 33.1 33.1 995 4.1 15.2 1358 0.67 749 0.012 5956 -1.91 3.77 
115 7.079 734 33.0 33.0 33.0 995 4.1 15.2 1334 0.67 750 0.012 5712 -1.91 3.76 
116 6.844 721 33.0 33.0 33.0 995 4.1 15.2 1309 0.67 750 0.012 5471 -1.91 3.74 
117 6.594 707 33.0 33.0 33.0 995 4.1 15.2 1285 0.67 750 0.012 5217 -1.91 3.72 
118 6.367 694 33.0 33.1 no 995 4.1 15.2 1260 0.67 750 0.012 4988 -1.90 3.70 
119 6.145 681 33.0 33.0 33.0 995 4.1 15.2 1237 0.67 750 0.013 4743 -1.90 3.68 
120 6.146 680 33.0 33.0 33.0 995 4.1 15.2 1236 0.67 750 0.013 4498 -1.90 3.65 
121 5.927 668 32.9 33.0 32.9 995 4.1 15.2 1213 0.67 751 0.013 4257 -1.90 3.63 
122 5.711 655 33.0 33.1 33.1 995 4.1 15.2 1189 0.67 749 0.013 4009 -1.89 3.60 
123 5.498 641 33.0 33.0 33.0 995 4.1 15.2 1165 0.67 750 0.012 8355 -1.94 3.92 
124 5.293 628 33.0 33.1 33.0 995 4.1 15.2 1141 0.67 750 0.012 8235 -1.93 3.92 
C8 
125 5.089 615 32.9 33.0 33.0 995 4.1 15.2 ll17 0.67 751 0.012 8107 -1.93 3.91 
126 4.888 602 32.9 33.0 33.0 995 4.1 15.2 1094 0.67 751 0.012 7977 -1.93 3.90 
127 4.691 589 33.0 33.1 33.0 995 4.1 15.2 1070 0.67 750 0.012 7861 -1.93 3.90 
128 4.497 575 33.0 33.1 33.0 995 4.1 15.2 1045 0.67 750 0.012 7735 -!.93 3.89 
1'9 4.309 563 33.0 33.1 33.0 995 4.1 15.2 1022 0.67 750 0.012 7615 -1.93 3.88 
130 4.125 550 33.0 33.0 33,0 995 4.1 15.2 998 0.67 750 0.012 7483 -1.93 3.87 
131 3.943 536 33.0 33.0 33.0 995 4.1 15.2 975 0.67 751 0.012 7358 -1.93 3.87 
137 3.765 524 32.9 33.0 33.0 995 4.1 15.2 951 0.67 751 0.012 7233 -1.93 3.86 
133 3.589 511 33.0 33.0 33.0 995 4.1 15.2 928 0.67 750 0.012 7104 -1.93 3.85 
134 3.419 497 33.0 33.0 33.0 995 4.1 15.2 904 0.67 750 0.012 6978 -1.93 3.84 
135 3.251 485 33.0 HI 33.0 995 4.1 15.2 880 0.67 750 0.012 6854 -1.92 3.84 
136 3.088 472 33.0 33.0 33.0 995 4.1 15.2 857 0.67 750 0.012 6729 -1.92 3.83 
137 2.929 459 33.0 33.0 33.0 995 4.1 15.2 834 0.67 750 0.012 6613 -1.92 3.82 
138 2.771 445 33.0 33.0 33.0 995 4.1 15.2 809 0.67 750 0.012 6483 -1.92 3.81 
139 2.619 432 33.0 33.0 33.0 995 4.1 15.2 785 0.67 750 0.012 6361 -1.92 3.80 
140 2.471 420 33.0 33.0 33.0 995 4.1 15.2 762 0.67 750 0.012 6233 -1.92 3.79 
141 2.326 406 33.0 33.0 33.0 995 4.1 15.2 737 0.67 750 0.012 6102 -1.92 3.79 
142 2.186 393 32.9 33.0 33.0 995 4.1 15.2 715 0.67 751 0.012 598? -1.92 3.78 
143 2.050 380 32.9 33.0 33.0 995 4.1 15.2 691 0.67 751 0.012 5861 -1.92 3.77 
144 1.919 367 33.1 33.1 33.1 995 4.1 IS.? 667 0.67 749 0.012 5731 -1.91 3.76 
145 1.792 354 32.9 33.0 33.0 995 4.1 15.2 643 0.67 751 0.012 5609 -1.91 3.75 
146 1.672 342 33.0 33.0 33.0 995 4.1 15.2 621 0.67 750 0.012 5481 -1.91 3.74 
147 1.552 330 32.9 33.0 33.0 995 4.1 15.2 600 0.67 751 0.012 5356 -1.91 3.73 
148 1.437 316 32.9 33.0 33.0 995 4.1 15.2 575 0.67 750 0.012 5231 -1.91 3.72 
149 1.326 304 32.9 32.9 32.9 995 4.1 15.2 553 0.67 751 0.012 5115 -I. 91 3.71 
!50 1.218 292 32.9 32.9 32.9 995 4.1 15.2 530 0.67 751 0.012 4991 -1.91 3.70 
!51 l.l16 279 33.0 33.1 33.0 995 4.1 15.2 506 0.67 750 0.012 4861 -1.91 3.69 
152 1.018 265 33.1 33.0 33.1 995 4.1 15.2 482 0.67 749 0.012 4736 -1.90 3.68 
!53 0.922 252 33.1 33.1 33.1 995 4.1 15.2 459 0.67 748 0.013 4609 -1.90 3.66 
154 0.834 240 32.8 32.8 32.8 995 4.1 15.2 435 0.67 753 0.013 4490 -1.90 3.65 
!55 0.748 227 32.8 32.8 32.8 995 4.1 15.2 412 0.67 753 0.013 4367 -1.90 3.64 
!56 9.892 878 33.0 33.1 33.0 995 4.1 15.2 1596 0.67 750 0.013 4243 -1.90 3.63 
!57 9.619 865 33.0 33.0 33.0 995 4.1 15.2 1572 0.67 750 0.013 4121 -1.90 3.62 
!58 9.348 852 33.0 33.0 33.0 995 4.1 15.? 1548 0.67 750 0.013 3999 -1.90 3.60 
159 9.084 839 32.9 33.0 33.0 995 4.1 15.2 1525 0.67 751 0.012 8514 -1.94 3.93 
160 8.821 826 33.0 33.1 33.0 995 4.1 15.2 1500 0.67 750 0.012 8377 -1.93 3.92 
161 8.561 813 32.9 33.0 33.0 995 4.1 15.2 1477 0.67 750 0.012 8255 -1.93 3.92 
162 8.306 800 33.0 33.0 33.0 995 4.1 15.2 1454 0.67 750 0.012 8127 -1.93 3.91 
163 8.053 787 33.0 33.1 33.1 995 4.1 15.2 1429 0.67 749 0.012 8007 -1.93 3.90 
164 7.806 773 33.0 33.0 33.0 995 4.1 15.2 1405 0.67 751 0.012 7872 -1.93 3.90 
165 7.558 760 33.0 33.0 33.0 995 4.1 15.2 1381 0.67 750 0.012 7754 -1.93 3.89 
166 7.317 747 33.0 33.1 33.1 995 4.1 15.2 1358 0.67 749 0.012 7633 -1.93 3.88 
167 7.079 734 33.0 33.0 33.0 995 4.1 15.2 1334 0.67 750 0.012 7489 -1.93 3.87 
!68 6.844 721 33.0 33.0 33.0 995 4.1 15.2 1309 0.67 750 0.012 7369 -1.93 3.87 
169 6.594 707 33.0 33.0 33.0 995 4.1 15.2 1285 0.67 750 0.012 7248 -1.93 3.86 
170 6.367 694 33.0 33.1 33.0 995 4.1 15.2 1260 0.67 750 0.012 7111 -1.92 3.85 
171 6.145 681 33.0 33.0 33.0 995 4.1 15.2 1237 0.67 750 0.012 6978 -1.92 3.84 
172 6.146 680 33.0 33.0 33.0 995 4.1 15.2 1236 0.67 750 0.012 6849 -1.92 3.84 
173 5.927 668 32.9 33.0 32.9 995 4.1 15.2 1213 0.67 751 0.012 6726 -1.92 3.83 
174 5.711 655 33.0 33.1 33.1 995 4.1 15.2 1189 0.67 749 0.012 6598 -1.92 3.82 
175 5.498 641 33.0 33.0 33.0 995 4.1 15.2 1165 0.67 750 0.012 6594 -1.92 3.82 
176 5.293 628 33.0 33.1 33.0 995 4.1 15.2 1141 0.67 750 0.012 6462 -1.92 3.81 
177 5.089 615 32.9 33.0 33.0 995 4.1 15.2 1117 0.67 751 0.012 6349 -1.92 3.80 
178 4.888 602 32.9 33.0 33.0 995 4.1 15.2 1094 0.67 751 0.012 6215 -1.92 3.79 
179 4.691 589 33.0 33.1 33.0 995 4.1 15.2 1070 0.67 750 0.012 6087 -1.92 3.78 
180 4.497 575 33.0 33.1 33.0 995 4.1 15.2 1045 0.67 750 0.012 5955 -1.91 3.77 
181 4.309 563 33.0 33.1 33.0 995 4.1 15.2 1022 0.67 750 0.012 5828 -1.91 3.77 
182 4.125 550 33.0 33.0 33.0 995 4.1 15.2 998 0.67 750 0.012 5709 -1.91 3.76 
183 3.943 536 33.0 33.0 33.0 995 4.1 15.2 975 0.67 751 0.012 5578 -1.91 3.75 
184 3.765 524 32.9 33.0 33.0 995 4.1 15.2 951 0.67 751 0.012 5454 -1.91 3.74 
185 3.589 511 33.0 33.0 33.0 995 4.1 15.2 928 0.67 750 0.012 5322 -1.91 3.73 
186 3.419 497 33.0 33.0 33.0 995 4.1 15.2 904 0.67 750 0.012 5194 -1.91 3.72 
187 3.251 485 33.0 33.1 33.0 995 4.1 15.2 880 0.67 750 0.012 5070 -1.91 3.70 
188 3.088 472 33.0 33.0 33.0 995 4.1 15.2 857 0.67 750 0.012 4947 -1.90 3.69 
189 2.929 459 33.0 33.0 33.0 995 4.1 15.2 834 0.67 750 0.013 4821 -1.90 3.68 
190 2.771 445 33.0 33.0 33.0 995 4.1 15.2 809 0.67 750 0.013 4698 -1.90 3.67 
191 2.619 432 33.0 33.0 33.0 995 4.1 15.2 785 0.67 750 0.013 4569 ·-1.90 3.66 
192 2.471 420 33.0 33.0 33.0 995 4.1 15.2 762 0.67 750 0.013 4445 -1.90 3.65 
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I 8.174 602 31.1 31.1 31.1 1000 9.45 18.8 892 3.85 780 0.013 10805 -1.90 4.03 
2 7.253 558 30.9 30.9 30.9 1000 9.45 18.8 826 3.85 784 0.013 9959 -1.89 4.00 
3 6.853 537 31.2 31.2 31.2 1000 9.45 18.8 795 3.85 779 0.013 9640 -1.88 3.98 
4 6.514 515 31.0 31.0 31.0 1000 9.45 18.8 763 3.85 782 0.014 9214 -1.86 3.96 
5 6.247 493 30.9 30.9 30.9 1000 9.45 18.8 731 3.85 783 0.014 8813 -1.84 3.95 
6 5.933 472 30.9 30.9 30.9 1000 9.45 18.8 699 3.85 784 0.015 8432 -1.83 3.93 
7 5.537 450 31.1 31.1 31.1 1000 9.45 18.8 667 3.85 781 0.015 8071 -1.82 3.91 
8 5.102 429 31.1 31.0 31.1 1000 9.45 18.8 635 3.85 781 0.016 7684 -1.81 3.89 
9 4.801 409 31.0 30.9 "11.0 1000 9.45 18.8 605 3.85 783 0.016 7305 -1.79 3.86 
10 4.512 388 30.9 30.9 30.9 1000 9.45 18.8 574 3.85 783 0.017 6924 -1.77 3.84 
II 4.200 367 31.1 31.1 31.1 1000 9.45 18.8 543 3.85 781 0.017 6574 -1.76 3.82 
12 3.933 346 31.2 31.2 31.2 1000 9.45 18.8 513 3.85 778 0.018 6222 -1.74 3.79 
13 3.678 325 31.1 31.0 31.0 1000 9.45 18.8 481 3.85 781 0.019 5817 -1.71 3.76 
14 3.361 304 30.9 30.9 30.9 1000 9.45 18.8 450 3.85 784 0.02 5429 -1.69 3.73 
15 3.018 284 30.9 30.9 30.9 1000 9.45 18.8 420 3.85 783 0.021 5065 -1.68 3.70 
16 2.672 263 31.0 30.9 31.0 1000 9.45 18.8 390 3.85 783 0.022 4703 -1.67 3.67 
17 2.394 243 31.1 31.0 31.0 1000 9.45 18.8 359 3.85 782 0.023 4341 -1.64 3.64 
I 8 2.152 222 30.9 30.8 30.9 1000 9.45 18.8 329 .3.85 784 0.024 3957 -1.61 3.60 
19 1.927 202 30.9 30.9 30.9 1000 9.45 18.8 299 3.85 783 0.026 3604 -1.58 3.56 
20 1.733 182 31.0 30.9 31.0 1000 9.45 18.8 269 3.85 78' 0.029 3251 -1.53 3.51 
21 1.567 162 31.0 30.9 31.0 1000 9.45 18.8 240 3.85 782 0.033 2899 -1.48 3.46 
27 1.399 142 31.3 31.1 31.2 1000 9.45 18.8 210 3.85 779 0.039 2545 -1.41 3.41 
23 1.212 121 31.3 31.2 31.3 1000 9.45 18.8 179 3.85 778 0.046 2178 -1.34 3.34 
24 0.991 102 30.9 30.5 30.7 1000 9.45 !8.8 ISO 3.85 787 0.054 1806 -1.27 3.26 
25 0.859 82 31.4 3l.l 3!.3 1000 9.45 !8.8 121 3.85 778 0.072 1466 -l.14 3.17 
26 10.316 690 32.2 32.2 32.2 1000 9.45 18.8 1022 3.85 763 0.012 12664 -1.92 4.10 
27 9.777 668 31.9 31.9 31.9 \000 9.45 18.8 989 3.85 767 0.012 12181 -1.91 4.09 
28 9.233 646 31.9 31.9 31.9 1000 9.45 18.8 956 3.85 767 0.012 11782 -1.91 4.07 
29 8.602 624 32.0 32.0 32.0 1000 9.45 18.8 924 3.85 767 O.OJ? 11389 -1.91 4.06 
30 8.075 602 32.0 32.0 32.0 1000 9.45 18.8 892 3.85 766 0.012 10998 -1.90 4.04 
31 7.626 580 32.1 32.1 32.1 1000 9.45 18.8 860 3.85 764 0.013 10630 -1.90 4.03 
32 7.244 559 32.0 32.0 32.0 1000 9.45 18.8 827 3.85 766 0.013 10201 -1.89 4.01 
33 6.856 537 32.0 32.0 32.0 1000 9.45 18.8 795 3.85 766 0.01.~ 9804 -1.88 3.99 
34 6.524 515 31.9 31.9 31.9 1000 9.45 18.8 763 3.85 767 0.014 9399 -1.86 3.97 
35 6.237 493 32.0 32.0 32.0 1000 9.45 18.8 730 3.85 766 0.014 9004 -1.84 3.95 
36 5.871 472 32.1 32.1 32.1 1000 9.45 18.8 699 3.85 765 0.015 8637 -1.83 3.94 
37 5.471 451 32.2 32.2 32.2 1000 9.45 18.8 668 3.85 763 0.015 8264 -1.8? 3.92 
38 5.085 429 31.9 31.9 31.9 1000 9.45 18.8 635 3.85 767 0.015 7824 -1.81 3.89 
39 4.760 408 32.0 31.9 31.9 1000 9.45 [ 8.8 604 3.85 767 0.016 7441 -1.80 3.87 
40 4.536 388 32.1 32.1 32.1 1000 9.45 18.8 575 3.85 764 0.017 7117 -1.77 3.85 
41 4.257 368 32.1 32.1 32.1 1000 9.45 18.8 545 3.85 764 0.018 6737 -1.76 3.83 
42 4.243 367 31.9 ~1.9 31.9 1000 9.45 18.8 543 3.85 768 0.018 6680 -1.75 3.82 
43 3.958 346 32.0 32.0 32.0 1000 4.45 18.8 513 3.85 766 0.018 6328 -1.73 3.80 
44 3.655 326 32.1 32.1 32.1 1000 9.45 18.8 482 3.85 764 0.019 5961 -1.72 3.78 
45 3.352 305 32.1 32.1 32.1 1000 9.45 18.8 452 3.85 765 0.02 5579 -1.70 3.75 
46 2.974 284 31.9 32.0 32.0 1000 9.45 18.8 420 3.85 767 0.021 5175 -1.68 3.71 
47 2.632 263 31.9 31.9 31.9 1000 9.45 18.8 390 3.85 768 0.021 4798 -1.67 3.68 
48 2.411 243 32.1 32.0 32.1 1000 9.45 18.8 359 3.85 765 0.023 4436 -1.64 3.65 
49 2.195 223 32.2 32.0 32.1 1000 9.45 18.8 330 3.85 765 0.025 4076 -1.61 3.61 
50 1.961 202 32.0 31.9 32.0 1000 9.45 18.8 299 3.85 767 0.027 3688 -1.57 3.57 
51 1.933 202 31.9 31.8 31.8 1000 9.45 18.8 299 3.85 769 0.026 3681 -1.58 3.57 
52 1.701 182 32.0 31.9 32.0 1000 9.45 18.8 270 3.85 766 0.029 3329 -1.54 3.52 
53 1.544 163 32.0 31.9 32.0 1000 9.45 18.8 241 3.85 766 0.033 2970 -1.49 3.47 
54 1.312 142 31.8 31.6 31.7 1000 9.45 18.8 210 3.85 771 0.036 2577 -1.44 3.41 
55 l.ll6 121 32.1 31.7 31.9 1000 9.45 18.8 179 3.85 768 0.043 2207 1.37 3.34 
56 1.166 122 32.0 31.7 31.8 1000 9.45 18.8 180 3.85 769 0.044 2211 1.36 3.34 
ClO 
57 1.003 101 31.9 31.6 31.7 1000 9.45 18.8 150 3.85 770 0.055 1837 -1.?6 3.26 
58 0.826 81 32.3 31.8 32.1 1000 9.45 18.8 120 3.85 765 0.07 1488 l.l6 3.17 
59 10.326 691 33.0 32.9 33.0 1000 9.45 18.8 1023 3.85 751 0.012 12876 -1.92 4.11 
60 9.782 670 33.2 33.2 33.2 1000 9.45 18.8 992 3.85 747 0.012 12548 -1.91 4.10 
61 9.?85 647 32.9 32.9 32.9 1000 9.45 18.8 958 3.85 752 0.012 12027 1.91 4.08 
62 8.791 625 32.9 32.9 32.9 1000 9.45 \8.8 925 3.85 752 0.013 11625 -1.90 4.07 
63 8.282 603 33.0 32.9 32.9 1000 9.45 18.8 894 3.85 751 0.013 11237 -1.90 4.05 
64 7.800 58! 33.1 33.1 33.1 1000 9.45 18.8 861 3.85 748 0.013 10866 -1.89 4.04 
65 7.219 559 33.1 33.0 33.1 1000 9.45 18.8 828 3.85 749 0.013 10444 -1.89 4.02 
66 6.728 538 32.9 32.9 32.9 1000 9.45 18.8 797 3.85 752 0.013 10011 -1.89 4.00 
67 6.277 516 33.2 33.1 33.2 1000 9.45 18.8 764 3.85 748 0.013 9654 -1.88 3.98 
68 5.878 494 33.1 33.1 33.1 1000 9.45 18.8 732 3.85 749 0.013 9?35 -1.87 3.97 
69 5.523 473 32.9 32.9 32.9 1000 9.45 18.8 700 3.85 751 0.014 8803 -1.86 3.94 
70 5.162 451 32.9 32.9 32.9 1000 9.45 18.8 668 3.85 752 0.014 8392 -1.85 3.92 
71 4.802 429 33.0 32.9 32.9 1000 9.45 18.8 636 3.85 751 O.Dl5 7997 -1.84 3.90 
72 4.517 408 33.2 33.1 33.1 1000 9.45 18.8 605 3.85 748 0.015 7639 -1.82 3.88 
73 4.293 387 33.2 33.2 33.2 1000 9.45 18.8 573 3.85 747 0.016 7249 -1.79 3.86 
74 3.943 367 33.0 32.9 32.9 1000 9.45 18.8 544 3.85 751 0.016 6842 -1.79 3.84 
75 3.576 347 33.0 32.9 32.9 1000 9.45 18.8 513 3.85 751 0.017 6454 -1.78 3.81 
76 3.275 325 32.9 32.9 32.9 1000 9.45 18.8 482 3.85 752 0.017 6053 -1.76 3.78 
77 2.979 305 33.1 33.0 33.1 1000 9.45 18.8 452 3.85 749 0.018 5692 -1.75 3.76 
78 2.833 284 33.0 32.9 33.0 1000 9.45 18.8 420 3.85 751 0.02 5289 -1.71 3.72 
79 2.573 263 32.9 32.8 32.9 1000 9.45 18.8 390 3.85 752 0.021 4897 -1.68 3.69 
80 2.371 243 33.1 32.9 33.0 1000 9.45 18.8 360 3.85 750 0.022 4531 -1.65 3.66 
81 ?.293 243 32.9 32.8 32.9 1000 9.45 18.8 360 3.85 752 0.022 4517 -1.66 3.65 
82 2.132 222 33.3 33.2 33.2 1000 9.45 18.8 329 3.85 747 0.024 4160 -1.62 3.62 
83 1.929 202 33.2 33.1 33.1 1000 9.45 18.8 300 3.85 748 0.026 3783 -1.58 3.58 
84 1.650 182 32.9 32.7 32.8 1000 9.45 18.8 269 3.85 753 0.0?8 3379 -1.55 3.53 
85 1.530 ]67 32.9 32.7 32.8 1000 9.45 18.8 240 .l85 753 0.033 3009 -1.49 3.48 
86 1.546 163 33.1 32.9 33.0 1000 9.45 18.8 241 3.85 750 0.033 3031 -1.49 3.48 
87 1.304 142 33.1 32.7 32.9 1000 9.45 18.8 211 3.85 752 0.036 2648 -1.44 3.42 
88 1.321 142 32.9 32.6 32.8 1000 9.45 18.8 710 3.85 754 0.017 2633 -1.44 3.42 
89 1.160 121 33.2 32.8 33.0 1000 9.45 18.8 !80 3.85 750 0.044 2267 -1.36 3.36 
90 1.003 101 33.4 33.1 33.3 1000 9.45 18.8 !50 3.85 746 0.055 1896 -1.26 3.28 
91 86.520 2529 24.9 24.9 24.9 1000 9.45 18.8 3747 3.85 894 0.008 #### -2.12 4.60 
92 81.530 2441 24.8 24.8 24.8 1000 9.45 18.8 3616 .185 896 0.008 38127 -2.12 4.58 
93 76.268 2349 24.8 24.8 24.8 1000 9.45 18.8 3480 3.85 896 0.008 #### -2.11 4.56 
94 70.990 2251 24.8 24.8 24.8 1000 9.45 18.8 3335 3.85 896 0.008 35150 -2.11 4.55 
95 65.728 2150 24.7 24.8 24.7 1000 9.45 18.8 3185 3.85 897 0.008 lllltl# -?.10 4.53 
96 60.259 2040 24.7 24.7 24.7 1000 9.45 18.8 30?2 3.85 898 0.008 31786 -2.09 4.50 
97 54.970 1930 24.7 24.8 24.8 1000 9.45 18.8 2859 3.85 897 0.008 30105 -2.08 4.48 
98 50.886 1843 24.8 24.9 24.9 1000 9.45 18.8 2730 3.85 895 0.008 28813 -2.08 4.46 
99 48.904 1799 24.9 24.9 24.9 1000 9.45 18.8 2665 3.85 894 0.008 28150 -2.07 4.45 
100 46.957 1756 24.9 24.9 24.9 1000 9.45 18.8 2601 3.85 894 0.009 #### -2.07 4.44 
101 45.004 1710 25.0 25.0 25.0 1000 9.45 18.8 2533 3.85 893 0.009 26801 -2.07 4.43 
102 43.119 1669 25.0 25.0 25.0 1000 9.45 18.8 2472 3.85 892 0.009 26172 -2.06 4.42 
103 41.282 1620 25.0 25.1 25.0 1000 9.45 18.8 2400 3.85 892 0.009 #### -2.06 4.41 
104 39.453 1580 25.0 25.0 25.0 1000 9.45 18.8 2340 3.85 892 0.009 #### -2.05 4.39 
105 37.660 1532 25.0 25.0 25.0 1000 9.45 18.8 2269 3.85 892 0.009 24015 -2.05 4.38 
106 37.659 1530 25.0 25.0 25.0 1000 9.45 18.8 2266 3.85 892 0.009 #### -2.05 4.38 
107 35.920 !490 25.0 25.0 25.0 1000 9.45 18.8 2207 3.85 892 0.009 #### -2.04 4.37 
108 34.251 !440 25.0 25.0 25.0 1000 9.45 18.8 2133 3.85 892 0.009 #### -2.03 4.35 
109 32.572 1400 25.0 25.0 25.0 1000 9.45 18.8 2074 3.85 892 0.009 21948 -2.03 4.34 
110 30.975 1354 25.0 25.0 25.0 1000 9.45 18.8 2005 3.85 892 0.009 21226 -2.02 4.33 
Ill ?9.408 1310 25.0 25.0 25.0 1000 9.45 18.8 1940 3.85 892 0.01 #### -2.02 4.31 
112 27.831 1263 25.0 25.0 25.0 1000 9.45 18.8 1870 3.85 892 0.01 19799 -2.01 4.30 
Ill 26.274 12?0 25.0 25.0 25.0 1000 9.45 18.8 1807 3.85 892 0.01 19135 -2.01 4.28 
114 24.739 1175 25.0 25.0 25.0 1000 9.45 18.8 1740 3.85 892 0.01 18432 -2.00 4.27 
115 23.333 1130 25.0 25.0 25.0 1000 9.45 18.8 1674 3.85 892 0.01 17721 -1.99 4.?5 
116 21.633 1085 25.0 25.0 25.0 1000 9.45 18.8 1608 3.85 892 0.01 17021 -1.99 4.23 
117 20.243 1040 25.0 25.0 25.0 1000 9.45 18.8 1541 3.85 892 0.01 16311 -1.98 4.21 
118 18.895 995 25.0 25.1 25.0 1000 9.45 18.8 1474 3.85 892 0.011 15619 -1.97 4.19 
119 17.583 950 ?5.0 25.1 25.0 1000 9.45 18.8 1407 3.85 892 0.011 14908 -1.96 4.17 
120 16.306 909 25.0 25.0 25.0 1000 9.45 18.8 1347 3.85 892 0.011 14261 -1.96 4.15 
121 15.068 860 25.0 25.1 25.1 1000 9.45 18.8 1274 3.85 891 0.011 13508 -1.94 4.13 
122 13.872 820 25.1 25.1 25.1 1000 9.45 18.8 1215 3.85 890 0.012 12887 -1.94 4.11 
123 13.856 819 24.6 24.6 24.6 1000 9.45 18.8 1213 3.85 900 0.012 12738 -1.94 4.11 
124 12.679 770 24.8 24.9 24.9 1000 9.45 18.8 1141 3.85 895 0.012 12042 -1.92 4.08 
(11 
125 I 1.565 730 24.9 24.9 24.9 1000 9.45 18.8 1081 3.85 894 0.012 11422 -1.92 4.06 
126 10.505 683 24.9 24.9 24.9 1000 9.45 18.8 1012 3.85 894 0.013 10686 -1.90 4.03 
127 9.460 640 24.9 24.9 24.9 1000 9.45 18.8 948 3.85 894 0.013 10015 -1.89 4.00 
128 8.445 600 24.9 24.9 24.9 1000 9.45 18.8 889 3.85 894 0.013 9391 -1.88 3.97 
129 7.482 552 24.9 24.9 24.9 1000 9.45 18.8 817 3.85 894 0.014 8628 -1.86 3.94 
130 84.455 2542 30.0 30.1 30.0 1000 9.45 18.8 3765 3.85 798 0.007 #tl## -2.14 4.65 
131 79.386 2453 30.0 30.0 30.0 1000 9.45 18.8 3633 3.85 799 0.007 #### -2.13 4.63 
132 74.384 2361 29.8 29.9 29.8 1000 9.45 18.8 3497 3.85 802 0.007 41203 -2.13 4.61 
133 69.188 ?263 29.8 29.8 ?9.8 1000 9.45 18.8 3352 3.85 802 0.008 #### -2.12 4.60 
134 64.001 2161 29.8 29.8 29.8 1000 9.45 18.8 3201 3.85 803 0.008 #### -2.12 4.58 
135 58.615 2051 29.7 29.8 29.7 1000 9.45 18.8 3038 3.85 803 0.008 //.##If -2.11 4.55 
136 53.418 1940 29.7 29.7 29.7 1000 9.45 18.8 2873 3.85 804 0.008 #### -2.10 4.53 
137 48.382 1830 29.7 29.8 29.7 1000 9.45 18.8 2711 3.85 803 0.008 3 I 870 -2.09 4.50 
138 43.611 I 7?0 29.8 29.8 29.8 1000 9.45 18.8 2548 3.85 802 0.008 ###II -2.08 4.48 
139 41.735 1676 29.8 29.9 29.8 1000 9.45 18.8 2482 3.85 802 0.008 ###II -2.08 4.47 
140 39.913 1630 29.8 29.9 29.9 1000 9.45 18.8 2415 3.85 801 0.008 #### -2.08 4.45 
141 38.135 1588 29.9 30.0 29.9 1000 9.45 I 8.8 2352 3.85 800 0.008 #### -2.07 4.44 
142 36.385 1541 29.9 30.0 29.9 1000 9.45 18.8 2282 3.85 800 0.009 #### -2.07 4.43 
143 34.664 1499 29.9 30.0 30.0 1000 9.45 18.8 2221 3.85 800 0.009 If### -2.06 4.42 
144 32.984 1450 29.9 30.0 30.0 1000 9.45 18.8 2148 3.85 800 0.009 II### -2.06 4.40 
145 31.346 1409 30.0 30.0 30.0 1000 9.45 18.8 2087 3.85 799 0.009 #### -2.05 4.39 
146 29.750 1361 29.9 30.0 29.9 1000 9.45 18.8 2016 3.85 800 0.009 23801 -2.05 4.38 
147 28.189 1320 29.8 29.9 29.9 1000 9.45 18.8 1955 us 801 0.009 #### -2.04 4.36 
148 26.663 1270 29.8 29.8 29.8 1000 9.45 18.8 1882 3.85 802 0.009 22 !53 -2.03 4.35 
149 25.165 1230 29.8 29.8 29.8 1000 9.45 18.8 1822 3.85 802 0.009 21449 -2.03 4.33 
150 23.708 1181 29.8 29.9 29.8 1000 9.45 18.8 1750 3.85 802 0.01 20615 -2.02 4.31 
151 22.277 1139 29.9 29.9 29.9 1000 9.45 18.8 1688 3.85 801 0.01 19904 -2.02 4.30 
152 20.896 1091 29.9 29.9 29.9 1000 9.45 18.8 1616 3.85 801 0.01 19058 -2.01 4.28 
153 I 9.550 I 050 29.9 29.9 29.9 1000 9.45 18.8 1555 3.85 800 0.01 18361 -2.00 4.26 
154 18.233 1002 30.0 30.0 30.0 1000 9.45 18.8 1484 3.85 799 0.01 17532 -1.99 4.24 
155 16.969 960 30.0 30.0 30.0 1000 9.45 18.8 1422 3.85 799 0.01 16809 -!.99 4.23 
156 15.720 911 30.0 30.0 30.0 1000 9.45 18.8 1350 3.85 799 0.011 15957 -1.98 4.20 
157 14.525 870 30.0 30.0 30.0 1000 9.45 18.8 1?88 3.85 799 0.011 15233 -1.97 4.18 
ISR 13.363 823 30.0 30.0 30.0 1000 9.45 18.8 1219 3.85 799 0.011 14407 -1.96 4.16 
159 13.399 821 30.0 30.0 30.0 1000 9.45 18.8 1216 3.85 800 0.011 14366 -1.95 4.16 
160 12.264 780 30.0 30.0 30.0 1000 9.45 18.8 1155 3.85 799 0.011 13660 -1.95 4.14 
161 11.198 734 30.0 30.0 30.0 1000 9.45 18.8 1087 3.85 799 0.012 12851 -!.93 4.11 
162 10.182 690 30.0 30.0 30.0 1000 9.45 18.8 1022 3.85 799 O.OJ? 12084 -1.92 4.08 
163 9.178 649 30.1 30.1 30.1 1000 9.45 18.8 961 3.85 798 0.012 11378 -1.91 4.06 
164 8.251 600 30.0 30.0 30.0 1000 9.45 18.8 889 3.85 799 0.013 10509 -1.89 4.02 
165 7.347 560 30.0 30.0 30.0 1000 9.45 18.8 830 3.85 799 0.013 9807 -1.88 3.99 
166 6.489 515 30.1 30.1 30.1 1000 9.45 18.8 763 3.85 797 0.014 9044 -1.86 3.96 
167 5.676 470 30.0 30.0 30.0 1000 9.45 18.8 696 3.85 799 0.014 8233 -1.84 3.92 
168 4.899 430 30.0 29.9 29.9 1000 9.45 18.8 637 3.85 800 0.015 752 I -1.83 3.88 
169 13.016 821 32.6 32.7 32.7 1000 9.45 18.8 1215 3.85 756 0.011 15195 -1.97 4.18 
170 11.938 780 32.5 32.5 32.5 1000 9.45 18.8 1155 3.85 758 0.011 14400 -1.96 4.16 
171 10.960 732 32.6 32.6 32.6 1000 9.45 18.8 1084 3.85 757 0.011 13531 -1.94 4.13 
172 9.841 690 32.7 32.7 32.7 1000 9.45 18.8 1022 3.85 754 0.012 I 2802 -1.94 4.11 
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I 9.362 112 31.9 31.7 31.8 995 3.12 17.4 248 3.85 769 0.061 998 -1.21 3.00 
2 9.090 109 31.9 31.7 31.8 995 3.12 12.4 243 3.85 769 0.06? 974 -1.21 2.99 
3 8.851 107 31.9 11.7 31.8 995 3.12 !?.4 238 3.85 769 0.064 934 -Ll9 2.97 
4 8.6\3 106 32.1 31.8 31.9 995 3.12 12.4 236 3.85 767 0.065 900 -l.l8 2.95 
5 8.389 103 32.0 31.7 31.8 995 3.12 12.4 229 3.85 768 0.067 872 -1.18 2.94 
6 8.155 !01 32.0 31.9 32.0 995 3.12 12.4 226 3.85 766 0.069 836 -l.\6 ?.92 
7 7.932 99 32.0 31.8 31.9 995 3.12 12.4 221 3.85 768 O.o? 811 -1.16 2.91 
8 7.640 97 32.1 31.9 32.0 995 3.12 12.4 216 3.85 766 0.072 775 -1.14 2.89 
9 7.422 95 32.0 31.9 32.0 995 3.12 12.4 210 3.85 766 0.073 742 -1.!3 2.87 
lO 7.208 93 32.\ 32.0 32.0 995 3.12 12.4 206 3.85 766 0.075 713 -1.!2 2.85 
II 6.988 90 32.1 31.9 32.0 995 3.12 12.4 201 3.85 765 0.078 688 -1.11 2.84 
" 
6.793 89 31.7 31.6 31.6 996 3.12 12.4 197 3.85 772 0.061 1007 -1.21 3.00 
13 6.545 86 32.2 31.9 32.0 995 3.12 12.4 192 3.85 765 0.062 985 -1.21 2.99 
14 6.327 84 32.2 31.9 3?.1 995 3.12 12.4 188 3.85 765 0.063 963 -1.20 2.98 
15 6.132 82 31.8 31.6 31.7 996 3.12 12.4 183 3.85 JJl 0.063 957 -1.20 2.98 
16 5.899 80 31.7 31.4 31.6 996 3.12 12.4 178 3.85 773 0.064 929 1.19 2.97 
17 5.685 79 32.4 3?.2 32.3 995 3.12 12.4 175 3.85 761 0.064 918 -1.19 2.96 
18 5.478 76 32.5 32.0 32.2 995 3.12 12.4 170 3.85 762 0.065 897 -1.18 2.95 
19 5.302 74 31.4 31.0 31.2 996 3.12 1?.4 164 3.85 779 0.066 877 -1.18 2.94 
20 5.098 72 31.9 32.2 32.0 995 3.12 12.4 160 3.85 765 0.068 855 -1.17 2.93 
21 9.526 115 33.1 32.8 32.9 995 3.12 12.4 255 3.85 751 0.068 839 -1.17 2.92 
22 9.294 Ill 33.0 32.8 32.9 995 3.12 12.4 251 3.85 752 0.069 820 -l.l6 2.91 
23 9.054 Ill 33.1 32.8 33.0 995 3.12 12.4 247 3.85 751 0.07 796 -1.15 2.90 
24 8.831 109 32.9 32.6 32.7 995 3.12 12.4 242 3.85 754 0.071 783 -1.15 ?.89 
25 8.608 107 33.0 32.7 32.9 995 3.12 ]?.4 238 3.85 752 0.072 765 -1.14 2.88 
26 8.380 105 33.0 32.7 32.9 995 3.J? 12.4 233 3.85 752 0.074 740 -1.13 2.87 
27 8.129 !OJ 32.8 32.6 32.7 995 3.12 12.4 228 3.85 755 0.075 718 -1.12 2.86 
28 7.888 100 33.0 32.8 32.9 995 3.12 12.4 223 3.85 752 0.075 717 -!.13 2.86 
29 7.594 97 32.9 32.6 32.8 995 3.12 12.4 216 3.85 754 0.077 694 -!.12 2.84 
30 7.362 96 32.9 32.5 32.7 995 3.12 12.4 212 3.85 754 0.08 654 -1.10 2.82 
31 7.066 92 33.0 32.7 32.8 995 3.12 12.4 205 3.85 m 0.081 650 -1.09 2.81 
32 6.837 90 32.9 32.6 32.8 995 3.12 12.4 201 3.85 754 0.059 1060 -1.23 3.03 
33 6.620 88 33.1 32.8 33.0 995 3.12 12.4 195 3.85 751 0.06 1039 -1.23 3.02 
34 6.411 86 32.8 32.5 32.7 995 3.12 12.4 191 3.85 755 0.06 1024 -1.22 3.01 
35 6.179 84 33.3 32.9 33. I 995 3.12 12.4 187 3.85 749 0.06 1002 -1.22 3.00 
36 5.957 82 33.3 32.7 33.0 995 3.12 12.4 182 3.85 750 0.061 984 -1.21 2.99 
37 5.779 80 32.3 32.2 32.3 995 3.12 12.4 177 3.85 762 0.062 965 -J.? l 2.98 
38 5.576 77 32.9 3?.] 32.5 995 3.12 12.4 172 3.85 758 0.063 941 -1.20 2.97 
39 5.381 77 33.2 33.2 33.2 995 3.12 12.4 170 us 747 0.064 923 -1.19 2.97 
40 5.207 74 32.7 32.0 32.4 995 3.12 1?.4 164 3.85 760 0.066 892 -1.18 2.95 
41 5.010 73 33.2 33.2 33.2 995 3.12 12.4 162 3.85 747 0.066 878 -1.18 2.94 
42 9.526 115 33.1 32.8 32.9 995 3.12 12.4 255 3.85 751 0.067 851 -1.17 2.93 
43 9.294 113 33.0 32.8 32.9 995 3.12 12.4 251 3.85 752 0.068 829 -1.16 2.92 
44 9.054 Ill 33.1 32.8 33.0 995 3.12 12.4 247 3.85 751 0.07 811 -l.l6 2.91 
45 8.831 !09 32.9 32.6 32.7 995 3.12 12.4 242 3.85 754 0.071 787 -l.l5 2.90 
46 8.608 107 33.0 32.7 32.9 995 3.12 12.4 238 3.85 752 0.071 779 -1.15 2.89 
47 8.380 105 33.0 32.7 32.9 995 3.12 12.4 233 3.85 752 0.072 758 -1.14 2.88 
48 8.129 103 32.8 32.6 32.7 995 3.12 12.4 228 3.85 755 0.074 725 -1.13 2.86 
49 7.888 100 33.0 32.8 32.9 995 3.12 12.4 223 3.85 752 0.076 708 -1.12 2.85 
50 7.594 97 32.9 32.6 32.8 995 3.12 12.4 216 3.85 754 0.075 709 -1.13 2.85 
5I 7.362 96 32.9 32.5 32.7 995 3.12 12.4 212 3.85 754 0.078 672 -1.11 2.83 
52 7.066 92 33.0 3?.7 32.8 995 3.12 12.4 205 3.85 753 0.077 674 -1.11 2.83 
53 6.837 90 32.9 32.6 32.8 995 3.12 12.4 201 3.85 754 0.057 1138 -1.25 3.06 
54 6.620 88 33. I 32.8 33.0 995 3.12 12.4 195 3.85 751 0.058 1101 -1.24 3.04 
55 6.411 86 32.8 32.5 32.7 995 3.12 12.4 191 3.85 755 0.06 1063 -1.23 3.03 
56 6.179 84 33.3 32.9 31.1 995 3.12 12.4 187 3.85 749 0.061 1031 -1.22 3.01 
C13 
57 5.957 82 33.3 32.7 33.0 995 3.12 12.4 182 3.85 750 0.063 991 -1.20 3.00 
58 5.779 so 32.3 32.? 32.3 995 3.12 12.4 177 3.85 76' 0.065 952 -1.19 2.98 
59 5.576 77 32.9 32.1 32.5 995 3.12 12.4 172 3.85 758 0.066 920 -1.18 2.96 
60 5.381 77 33.2 33.? 33.2 995 3.12 12.4 170 3.85 747 0.068 884 -1.17 2.95 
61 5.207 74 32.7 32.0 32.4 995 3.12 12.4 164 3.85 760 0.07 852 -l.l6 2.93 
62 5.010 73 33.2 33.2 33.2 995 3.12 12.4 162 3.85 747 0.071 826 -1.15 2.92 
63 9.526 115 33.1 32.8 32.9 995 3.12 J?.4 255 3.85 751 0.073 784 -Ll4 2.89 
64 9.294 113 33.0 32.8 32.9 995 3.12 12.4 251 3.85 752 0.074 757 -1.13 2.88 
65 9.054 Ill 33.1 32.8 33.0 995 3.12 12.4 247 3.85 751 0.077 721 -1.11 2.86 
66 8.831 109 32.9 32.6 32.7 995 3.12 12.4 242 3.85 754 0.078 696 -1.11 ?.84 
67 8.608 107 33.0 32.7 32.9 995 3.12 12.4 238 3.85 752 0.081 659 -1.09 2.82 
68 8.380 105 33.0 32.7 32.9 995 3.12 12.4 233 3.85 752 0.083 634 -1.08 2.80 
69 48.699 343 29.8 29.8 29.8 996 3.12 12.4 764 3.85 802 0.034 2967 -1.47 3.47 
70 47.799 339 29.9 29.9 29.9 996 3.12 12.4 754 3.85 801 0.034 2932 -1.47 3.47 
71 46.858 334 30.0 30.0 30.0 996 3.12 12.4 743 3.85 800 0.034 2896 -1.47 3.46 
72 45.941 329 30.0 30.0 30.0 996 3.12 12.4 734 3.85 799 0.034 2862 -1.46 3.46 
73 45.052 326 30.0 30.0 30.0 996 3.12 12.4 725 3.85 799 0.035 2828 -1.46 3.45 
74 44.147 321 30.0 29.9 30.0 996 3.12 1?.4 715 3.85 800 0.035 2785 -1.46 3.44 
75 43.253 316 30.0 30.0 30.0 996 3.12 12.4 704 3.85 798 0.035 2746 -1.45 3.44 
76 42.375 312 30.1 30.0 30.1 996 3.12 12.4 694 3.85 798 O.o35 2711 -1.45 3.43 
77 41.484 307 30.0 30.0 30.0 996 3.12 12.4 684 3.85 799 0.036 2669 -1.45 3.43 
78 40.622 302 29.9 30.0 29.9 996 3.12 12.4 673 3.85 800 0.036 2622 -1.44 3.42 
79 39.787 298 29.8 29.9 29.9 996 3.12 12.4 664 3.85 802 0.036 ?582 -1.44 3.41 
80 38.917 294 29.9 29.9 29.9 996 3.12 12.4 654 3.85 801 0.037 ?545 -1.44 3.41 
81 38.058 290 30.0 30.0 30.0 996 3.12 12.4 645 3.85 799 0.037 2515 -1.43 3.40 
82 37.238 285 30.0 30.0 30.0 996 3.12 12.4 635 3.85 799 0.037 2476 -1.43 3.39 
83 36.439 281 29.9 29.9 29.9 996 3.12 12.4 626 3.85 800 0.038 2436 -1.43 3.39 
84 35.606 277 30.0 30.0 30.0 996 3.12 12.4 617 3.85 799 O.DJ8 ?404 -1.42 3.38 
85 34.777 273 30.0 30.0 30.0 996 3.12 12.4 607 3.85 799 0.038 2370 -1.4? 3.37 
86 34.007 269 29.9 29.9 29.9 996 3.12 12.4 598 3.85 801 0.038 2328 -1.42 3.37 
87 33.229 264 ?9,9 29.8 29.9 996 3.12 12.4 588 3.85 801 0.039 2286 -1.41 3.36 
88 32.481 260 30.0 30.0 30.0 996 3.12 12.4 579 3.85 799 0.039 2258 -1.41 3.35 
89 31.640 256 30.0 30.0 30.0 996 3.12 12.4 570 3.85 799 0.039 2223 -1.41 3.35 
90 30.906 252 30.0 29.9 29.9 996 3.12 12.4 560 3.85 800 0.04 2182 -1.40 3.34 
91 30.134 248 30.0 29.9 30.0 996 3.12 12.4 552 3.85 800 0.04 2150 -1.40 3.31 
92 29.386 243 30.0 30.0 30.0 996 3.12 12.4 542 3.85 798 0.04 2116 -1.39 3.33 
93 28.682 239 30.1 30.1 30.1 996 3.1? 12.4 533 3.85 798 0.041 2080 -1.39 3.32 
94 27.247 231 30.0 30.0 30.0 996 3.12 12.4 514 3.85 799 0.042 2005 -1.38 3.30 
95 26.524 227 30.0 30.0 30.0 996 3.12 12.4 505 3.85 799 0.042 1969 -1.38 3.29 
96 25.811 223 30.0 30.0 30.0 996 3.12 12.4 495 3.85 799 0.042 1932 -1.37 3.29 
97 25.140 219 30.0 30.0 30.0 996 3.12 12.4 487 3.85 798 0.043 1902 -1.37 3.28 
98 24.448 214 30.0 30.0 30.0 996 3.12 12.4 477 3.85 799 0.04] 1861 -1.36 3.27 
99 23.747 210 29.9 30.0 30.0 996 3.12 12.4 468 3.85 800 0.044 1824 -1.36 3.26 
!00 23.054 206 29.9 29.9 29.9 996 3.12 12.4 459 3.85 801 0.044 1787 -1.36 3.25 
!01 22.416 202 30.0 30.0 30.0 996 3.12 12.4 451 3.85 799 0.044 1758 -1.35 3.24 
!02 21.141 195 30.1 30.1 30.1 996 3.12 12.4 433 3.85 797 0.045 1693 -1.34 3.23 
!03 20.505 190 30.0 29.9 29.9 996 3.12 12.4 424 3.85 800 0.046 1651 -1.34 3.22 
!04 19.838 188 29.9 29.9 29.9 996 3.12 12.4 418 3.85 801 0.046 1625 -1.34 3.21 
!05 19.199 183 30.0 30.0 30.0 996 3.12 12.4 407 3.85 799 0.047 1587 -1.33 3.20 
!06 18.584 178 29.9 29.9 29.9 996 3.12 12.4 397 3.85 801 0.048 1545 -1.32 3.19 
!07 17.979 175 30.0 30.0 30.0 996 3.12 12.4 389 3.85 799 0.048 1516 -1.32 3.18 
108 17.380 170 30.0 30.0 30.0 996 3.12 12.4 379 3.85 799 0.049 1477 -l.31 3.17 
!09 16.790 166 30.0 30.0 30.0 996 3.12 12.4 369 3.85 799 0.05 1439 -1.30 3.16 
110 16.213 161 29.9 29.9 29.9 996 3.12 12.4 360 3.85 801 0.051 1399 -1.30 3.15 
ill 15.647 !57 29.9 29.8 29.9 996 3.12 12.4 349 3.85 801 0.052 1358 -1.29 3.13 
112 15.061 !53 30.0 30.0 30.0 996 3.12 12.4 341 3.85 799 0.052 1329 -1.28 3.12 
!13 14.495 149 30.0 30.0 30.0 996 3.12 12.4 331 3.85 799 0.053 1291 -1.27 3.11 
!14 13.953 145 30.1 30.0 30.0 996 3.12 12.4 323 3.85 798 0.054 1260 -1.27 3.10 
115 13.420 142 10.0 29.9 30.0 996 3.12 12.4 315 3.85 800 0.054 1229 -1.?6 3.09 
116 12.903 138 29.9 29.9 29.9 996 3. !2 12.4 307 3.85 800 0.055 1194 -1.26 3.08 
117 48.769 340 31.0 31.0 31.0 996 3.12 12.4 756 3.85 782 0.034 3010 -1.46 3.48 
!18 47.839 336 30.9 30.9 30.9 996 3.12 12.4 748 3.85 784 0.034 2974 -1.46 3.47 
!19 46.893 331 31.0 31.0 31.0 996 3.12 12.4 737 3.85 782 0.035 2938 -1.46 3.47 
J?O 45.981 328 31.0 31.0 31.0 996 3.1? 12.4 731 3.85 782 0.035 ?914 -1.46 3.46 
J?l 45.077 324 30.9 30.9 30.9 996 3.12 12.4 721 3.85 783 0.035 2868 -1.46 3.46 
122 44.171 319 31.0 30.9 31.0 996 3.12 12.4 710 3.85 783 0.035 2827 -1.45 3.45 
123 43.270 315 31.0 31.0 31.0 996 3.12 12.4 701 3.85 782 0.036 2792 -1.45 3.45 
J?4 42.383 310 31.0 31.0 31.0 996 3.12 12.4 690 3.85 782 0.036 2750 -1.45 3.44 
C14 
!25 41.516 306 30.9 30.9 30.9 996 3.12 12.4 681 3.85 783 0.036 2709 -1.44 3.43 
126 40.658 302 31.0 30.9 31.0 996 3.12 12.4 673 3.85 783 0.036 2679 -1.44 3.43 
127 39.800 298 31.0 30.9 31.0 996 3.12 1?.4 664 3.85 783 0.036 2644 -1.44 3.42 
128 38.957 294 30.9 30.9 30.9 996 3.12 12.4 655 3.85 784 0.037 2606 -1.44 3.42 
129 38.089 290 31.0 31.0 31.0 996 3.12 12.4 646 us 782 0.037 2575 -1.43 3.41 
130 37.?50 286 31.0 31.0 31.0 996 3.12 12.4 636 3.85 782 0.037 2535 -1.43 3.40 
131 36.430 287 31.0 30.9 31.0 996 3.12 12.4 627 3.85 783 0.037 2497 -1.43 3.40 
132 35.624 277 30.9 30.9 30.9 996 3.12 12.4 617 3.85 784 0.038 ?455 -1.42 3.39 
Ill 34.811 273 31.0 30.9 30.9 996 3.12 12.4 608 3.85 783 0.038 2421 -1.42 3.38 
134 34.009 269 31.0 31.0 31.0 996 3.12 12.4 599 3.85 782 0.038 2388 -1.42 3.38 
135 33.225 265 31.0 30.9 31.0 996 3.12 12.4 590 3.85 783 0.038 2349 -1.41 3.37 
136 32.439 261 31.0 30.9 30.9 996 3.12 12.4 581 3.85 783 0.039 2311 -1.41 3.36 
137 31.681 257 31.0 30.9 31.0 996 3.12 12.4 572 3.85 783 0.039 2275 -1.41 3.36 
138 30.924 253 31.0 30.9 31.0 996 3.12 12.4 563 3.85 783 0.039 2239 -1.40 3.35 
139 30.164 249 31.0 30.9 30.9 996 3.12 12.4 554 3.85 783 0.04 2203 -1.40 3.34 
140 29.425 245 31.0 30.9 31.0 996 3.12 12.4 546 3.85 783 0.04 2174 -1.40 3.34 
141 28.684 241 31.0 31.0 31.0 996 3.12 1?.4 536 3.85 782 0.04 2136 -1.40 3.33 
142 27.960 236 31.0 30.9 31.0 996 3.12 12.4 525 3.85 783 0.041 2091 -1.39 3.32 
143 27.236 232 30.9 30.9 30.9 996 3.12 12.4 517 3.85 784 0.041 2057 -1.39 3.31 
144 26.511 228 31.0 30.9 31.0 996 3.12 12.4 508 3.85 783 0.041 2023 -1.38 3.31 
145 25.811 225 31.0 31.0 31.0 996 3.12 12.4 500 3.85 782 0.042 1991 -1.38 3.30 
146 25.133 221 31.0 30.9 30.9 996 3.12 12.4 491 3.85 783 0.042 1954 -1.38 3.29 
147 24.429 216 31.0 30.9 31.0 996 3.12 12.4 481 3.85 783 0.042 1916 -1.37 3.28 
148 23.786 213 31.0 31.0 31.0 996 3.12 12.4 473 3.85 782 0.043 1884 -1.37 3.28 
149 23.133 209 30.9 30.8 30.9 996 3.12 12.4 465 3.85 784 0.043 1846 -1.36 3.27 
150 22.471 205 31.0 30.9 31.0 996 3.12 12.4 456 3.85 783 0.044 1814 -1.36 3.26 
151 21.815 201 31.0 30.9 31.0 996 3.12 12.4 447 3.85 783 0.044 1780 -1.36 3.25 
152 ? 1.160 197 31.0 30.9 30.9 996 3.12 12.4 438 3.85 783 0.044 1743 -1.35 3.24 
153 20.492 193 31.1 31.0 31.0 996 3.12 12.4 429 3.85 782 0.045 1711 -1.35 3.23 
154 19.871 189 31.0 30.9 31.0 996 3.12 12.4 420 3.85 783 0.045 1673 -1.34 3.22 
155 19.255 185 31.0 30.9 31.0 996 3.12 12.4 412 3.85 783 0.046 1639 -1.34 3.21 
156 18.639 181 31.0 30.9 31.0 996 3.12 12.4 402 3.85 783 0.046 1601 -1.33 3.20 
157 18.033 176 31.0 30.9 30.9 996 3.12 12.4 392 ·us 783 0.047 1561 -1.33 3.19 
158 17.441 173 31.0 30.9 30.9 996 3.12 12.4 384 3.85 783 0.048 1529 -1.32 3.18 
159 16.860 169 31.0 30.9 31.0 996 3.12 12.4 377 3.85 783 0.048 1501 -1.32 3.18 
160 16.278 164 31.0 30.9 31.0 996 3.12 12.4 366 3.85 783 0.049 1457 -1.31 3.16 
161 15.705 161 31.0 30.9 31.0 996 3.12 12.4 358 3.85 783 0.049 1425 -1.31 3.15 
162 15.141 157 3l.l 31.0 31.0 996 3.12 12.4 349 3.85 782 0.05 1393 -1.30 3.14 
163 14.597 153 31.0 31.0 31.0 996 3.12 12.4 341 3.85 782 0.051 1357 -1.29 3.13 
164 14.066 148 31.0 30.9 31.0 996 3.12 12.4 330 3.85 783 0.052 1315 -1.28 3.12 
165 13.541 145 31.0 30.9 30.9 996 3.12 12.4 322 3.85 783 0.053 1283 -1.28 3.11 
166 13.017 140 31.0 31.0 31.0 996 3.12 12.4 312 3.85 782 0.054 1243 -1.27 3.09 
167 12.504 137 31.1 30.9 31.0 996 3.12 12.4 304 3.85 782 0.054 1212 -1.26 3.08 
168 12.008 133 31.0 30.9 31.0 996 3.12 12.4 295 3.85 783 0.056 I I 75 -1.26 3.07 
169 11.526 129 11.0 30.9 30.9 996 3.12 12.4 286 3.85 784 0.057 1138 -1.25 3.06 
170 11.045 124 31.0 30.9 30.9 996 3.12 12.4 277 3.85 783 0.034 3083 -1.47 3.49 
171 10.567 120 31.0 30.8 30.9 996 3.12 12.4 267 3.85 784 0.034 3045 -1.47 3.48 
172 10.099 116 31.! 30.9 31.0 996 3.12 ]?.4 259 1.85 782 0.034 3012 -1.46 3.48 
173 9.645 112 31.0 30.9 30.9 996 3.12 12.4 249 3.85 783 0.035 2965 -1.46 3.47 
174 9.205 108 31.0 30.8 30.9 996 3.12 12.4 239 3.85 784 0.035 2937 -1.46 3.47 
175 8.77? 104 30.9 30.7 30.8 996 3.12 12.4 232 3.85 786 0.035 2904 -1.46 3.46 
176 8.343 100 31.0 30.7 30.8 996 3.12 12.4 223 3.85 785 0.035 2866 -1.46 3.46 
177 7.926 96 31.0 30.8 30.9 996 3.12 12.4 214 3.85 784 0.035 2815 -1.45 3.45 
178 7.513 93 31.2 30.9 3l.l 996 3.12 12.4 207 3.85 781 0.036 2782 -1.45 3.44 
179 7.130 89 30.8 30.6 30.7 996 3.12 12.4 198 3.85 788 0.036 2745 -1.44 3.44 
180 6.725 86 31.0 30.6 30.8 996 3.12 12.4 191 3.85 785 0.036 2704 -1.44 3.43 
181 6.358 82 30.8 30.6 30.7 996 3.12 12.4 182 3.85 787 0.036 2667 -1.44 3.43 
182 5.968 79 31.0 30.5 30.7 996 3.12 12.4 176 3.85 787 0.037 2628 -1.44 3.42 
183 5.602 75 30.8 30.4 30.6 996 3.12 12.4 167 3.85 789 0.037 2599 -1.44 3.41 
184 5.250 72 31.0 30.5 30.7 996 3.12 ]?.4 160 3.85 786 0.037 2557 -1.43 3.41 
185 48.666 341 31.9 31.9 31.9 995 3.12 J?.4 759 3.85 767 0.037 2516 -1.43 3.40 
186 47.727 337 31.9 31.9 31.9 995 3.12 12.4 750 3.85 767 0.038 2480 -1.42 3.39 
187 46.797 333 32.0 32.0 32.0 995 3.12 12.4 740 3.85 766 0.038 2448 -1.42 3.39 
188 45.895 328 31.9 31.8 31.9 995 3.12 12.4 731 3.85 768 0.038 2401 1.42 3.38 
189 44.984 325 32.0 31.9 31.9 995 3.12 12.4 723 3.85 767 0.038 2370 -1.42 3.37 
190 44.077 321 32.0 32.0 32.0 995 3.12 12.4 714 3.85 766 0.039 2338 -1.41 3.37 
191 43.186 317 32.0 32.0 32.0 995 3.12 12.4 704 1.85 766 0.039 2290 -1.41 3.36 
192 42.312 3 II 31.9 31.9 31.9 995 3.12 12.4 693 3.85 767 0.039 2258 -1.41 3.35 
ClS 
!93 41.448 308 31.9 31.9 31.9 995 3.12 12.4 685 3.85 767 0.04 22?2 -lAO 3.35 
!94 40.576 303 32.0 32.0 32.0 995 3.12 12.4 675 3.85 766 0.04 2184 -1.40 3.34 
!95 39.728 299 31.9 31.9 31.9 995 3.12 12.4 666 3.85 767 0.04 2147 -1.40 3.33 
!96 38.870 295 31.9 31.9 31.9 995 3.12 12.4 657 3.85 767 0.04 2113 -1.39 3.32 
!97 38.040 291 31.9 31.9 31.9 995 3.12 12.4 647 3.85 767 0.041 2079 -1.39 3.32 
!98 37.206 287 32.0 32.0 32.0 995 3.12 12.4 639 3.85 766 0.041 2043 -1.39 3.31 
199 36.386 283 32.0 31.9 32.0 995 3.12 12.4 629 3.85 766 0.042 2005 -1.38 3.30 
ooo 35.578 278 31.9 31.9 31.9 995 3.12 12.4 619 3.85 767 0.042 1966 -1.38 3.29 
'0 I 34.772 274 32.0 31.9 32.0 995 3.12 12.4 610 3.85 767 0.042 1939 -1.38 3.29 
?02 33.968 271 32.0 31.9 32.0 995 3.12 12.4 602 3.85 766 0.043 1901 -IJ7 3.?8 
203 33.178 266 31.9 31.9 31.9 995 3.12 12.4 592 3.85 768 0.043 1865 -1.37 3.27 
204 32.4?3 262 31.9 31.8 31.9 995 3.12 12.4 584 3.85 768 0.043 1826 -1.36 3.26 
205 31.659 259 32.0 31.9 31.9 995 3.12 12.4 575 3.85 767 0.044 1792 -1.36 3.25 
206 30.903 254 31.9 31.8 31.9 995 3.12 12.4 564 3.85 768 0.044 1754 -1.35 3.?4 
207 30.154 250 32.0 31.9 32.0 995 3.12 12.4 556 3.85 767 0.044 1728 -1.35 3.?4 
208 29.411 246 32.0 31.9 32.0 995 3.12 12.4 546 3.85 766 0.045 1683 -1.35 3.23 
209 28.671 242 31.9 31.9 31.9 995 3.12 12.4 538 3.85 767 0.046 1647 -1.34 3.22 
210 27.939 238 31.9 31.8 31.9 995 3.12 1?.4 529 3.85 768 0.046 1613 -1.34 3.2! 
211 27.210 234 31.9 31.8 31.9 995 3.12 12.4 521 3.85 768 0.046 1581 -1.33 3.20 
212 26.498 230 32.0 31.9 32.0 995 3.12 12.4 512 3.85 767 0.047 1545 -1.33 3.19 
213 25.801 226 32.0 31.9 31.9 995 3.12 12.4 503 3.85 767 0.048 1508 -1.32 3.18 
214 25.116 222 31.9 31.9 31.9 995 3.12 12.4 494 3.85 767 0.049 1462 -1.31 3.16 
215 24.442 218 31.9 31.8 31.9 995 3.12 12.4 485 3.85 768 0.049 1434 -1.31 3.16 
216 23.769 214 32.0 31.9 32.0 995 3.12 12.4 477 3.85 767 0.05 1400 1.30 3.15 
217 23.106 210 3?.0 31.9 32.0 995 3.12 12.4 468 3.85 767 0.05 1370 -1.30 3.14 
218 22.448 206 32.0 31.9 31.9 995 3.12 12.4 459 3.85 767 0.051 1'155 -1.29 3.13 
219 21.797 202 31.9 31.9 31.9 995 3.12 12.4 450 3.85 767 O.O.'il 1327 -1.29 3.12 
C16 
APPENDIXD 
WILSON PLOT TEST DATA 
D. I Plain Tube Wilson Plot Test with Re0·8 
Nominal Hot Side Mass Flow Rate Of0.1345 kg!s 
10 15 '0 25 30 35 40 45 
Flow rate, Vc. m3/hr 0.558 0.855 l.l56 1.455 1.756 2.058 2.365 2.664 
TeL "C 15 15.5 15.8 15.9 16 16.2 16.1 16 
Tc2. "C 18.8 18.2 18 17.7 17.5 17.6 17.3 17.1 
'" 
3.8 2.7 2.2 1.8 1.5 1.4 1.2 1.1 
Tc.ave 16.9 16.85 16.9 16.8 16.75 16.9 16.7 16.55 
Flow rate, Vh. m3/hr 0.486 0.486 0.486 0.486 0.486 0.486 0.486 0.486 
Thl, "C 30.0 30.0 30.0 29.9 29.9 30.0 30.1 30.0 
Th2. "C 25.5 24.9 24.6 24.4 24.3 24.4 24.0 23.9 
"T 4.5 5.1 5.4 5.5 5.65 5.65 6.1 6.1 
Th.ave 27.75 27.45 27.3 27.15 27.08 27.18 27.05 ?6.95 
LMTD 10.85 10.55 10.32 10.24 10.18 10.13 10.15 10.2 
Tim. °C 16.9 16.9 16.98 16.91 16.89 17.05 16.9 16.75 
Qc. kJ/s 2.46 2.68 2.96 3.04 3.06 3.35 3.3 3.41 
Qh, kJ/s 2.53 2.87 3.04 3.1 3.18 3.18 3.43 3.43 
Qdifferent,% 2.7 6.54 2.76 1.68 3.75 -5.29 3.94 0.81 
Qave 2.5 2. 78 3 3.07 3.12 3.27 3.37 3.42 
Density. kgim3 999 999 999 999 999 999 999 999 
Specific Heat, Cp, kJ/(kg.K) 4.19 4.19 4.19 4.19 4.19 4.19 4.191 4.191 
Viscosity. ).1. 105 (Pa.s) 110.10 I 10.20 110.10 110.30 110.50 110.10 110.60 111.10 
Thermal Conductivity. k, lor' 593 593 593 593 593 593 593 592 (kW/(m.K)) 
Mass Flow Rate. rill03 (kg/s) 155 237 321 404 487 571 656 739 
R' 10046 15373 20812 26127 31491 37050 42357 47527 
p, 7.78 7.79 7.78 7.8 7.81 7.78 7.82 7.86 
Density. kgim3 996 996 996 996 996 996 996 997 
Specific Heat Cp. kJ/(kg.K) 4.185 4.185 4.185 4.185 4.185 4.185 4.185 4.185 
Viscosity. ).1. 105 (Pa.s) 83.40 84.00 84.30 84.60 84.80 84.60 84.80 85.00 
Thermal Conductivity. k. 10' 612 611 611 611 611 611 611 610 (kW/(m.K)) 
Mass Flow Rate. 103 (kgls) 134.50 134.51 134.52 134.52 134.53 134.52 134.53 134.53 
Re 51339 50965 50779 50593 50500 50624 50469 50345 
p,. 5.70 5.75 5.77 5.80 5.81 5.79 5.81 5.83 
Y - 1/U - LMTD/Qave 4.34 3.80 3.49 3.33 3.26 3.10 3.02 2.98 
X= (Ao1Ai)*[Re 11 ~Pr 1 ' 1(k/Dh)]"- 1 0.0425 I 0.03000 0.02339 0.01942 0.01667 0.01458 0.01308 0.01191 
Dl 
Nominal Hot Side Mass Flow Rate Of0.2036 kgis 
10 15 20 25 30 35 40 45 
Flow rate, Vc, m3/hr 0.558 0.855 1.156 1.455 1.756 2.058 2.365 2.664 
Tel. "C 15.2 15 15.6 15.7 16 16 16.2 16.2 
Tc2. "C 18 17.2 17.3 17.05 17.2 17 17.1 17 
or 2.8 2.2 1.7 1.35 1.2 I 0.9 0.8 
Tc,ave 16.6 16.1 16.45 16.38 16.6 16.5 16.65 16.6 
Flow rate. Vh. m3/hr 0.735 0.735 0.735 0.735 0.735 0.735 0.735 0.735 
Thl. oc 25.1 25.0 25.1 25.0 24.9 25.0 25.0 ?4.9 
Th2. "C 22.9 22.4 22.4 22.1 22.1 22.0 22.0 21.9 
6T 2.2 2.6 2.7 2.9 2.8 3 3 3 
Th.ave 24 23.7 23.75 23.55 23.5 23.5 23.5 23.4 
LMTD 7.4 7.6 7.29 7.15 6.87 6.95 6.8 6.74 
Tim. "C 16.6 16.6 16.46 16.4 16.63 16.55 16.7 16.66 
Qc. kJ/s 1.82 2.19 2.28 2.28 2.45 2.39 2.47 2.48 
Qh, kJ/s 1.88 2.22 2.3 2.47 2.39 2.56 2.56 2.56 
Qdifferent. % 3.13 1.31 0.73 7.62 -2.63 3.44 3.24 3.12 
Qave 1.85 2.2 2.29 2.38 2.42 2.48 2.52 2.52 
Density, kg/m3 999 999 999 999 999 999 999 999 
Specific Heat. Cp, kJ/(kg.K) 4.191 4.191 4.191 4.191 4.191 4.191 4.191 4.191 
Viscosity, u, 105 (Pa.s) 110.90 112.40 111.40 111.60 110.90 111.20 110.80 110.90 
Thermal Conductivity. k. 106 592 592 592 592 592 592 593 592 (kW/(m.K)) 
Mass Flow Rate. IOJ (kgls) 155 237 321 404 487 571 656 719 
Re 9968 15077 20570 25841 31369 36668 42302 47589 
p, 7.85 7.96 7.88 7.9 7.85 7.87 7.83 7.85 
Density, kg/m3 997 997 997 997 997 997 997 997 
Specific Heat. Cp, kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.187 
Viscosity, u, 105 (Pa.s) 91.60 92.30 92.20 9?.60 92.80 92.80 92.80 93.00 
Thermal Conductivity, k. !Or' 606 605 605 605 605 (>05 605 604 (kW/(m.K)) 
Mass Flow Rate, 10' (kgis) 203.61 203.62 203.62 203.63 203.63 203.63 203.63 203.63 
Re 70740 70206 70294 69939 69851 69851 69851 69674 
p, 6.33 6.39 6.38 6.41 6.42 6.42 6.42 6.44 
Y - 1/U - LMTD/Qave 4.01 3.45 3.18 3.01 2.84 2.SI 2.70 2.68 
X= (Ao/Ai)*[Re" "Pr1/\k!Dh)]"-1 0.042&6 0.03063 0.02369 0.01966 0.01674 0.01474 0.01310 0.01190 
D2 
Nominal Hot Side Mass Flow Rate Of0.2385 kg/s 
10 15 20 25 30 35 40 45 
Flow rate, Vc, m3/hr 0.558 0.855 I.156 1.455 1.756 2.058 2.365 2.664 
Tel. "C 15.2 15.4 15.5 15.9 16 16.1 16.1 16.1 
Tc2. "C 18.2 17.7 17.35 17.4 17.3 17.2 17.1 17.05 
'T 3 2.3 1.85 1.5 1.3 1.1 I 0.95 
Tc.ave 16.7 16.55 16.43 16.65 16.65 16.65 16.6 16.58 
Flow rate, Vh. m3/hr 0.861 0.861 0.861 0.861 0.861 0.861 0.861 0.861 
Thl. "C 25.0 25.0 25.0 24.9 75.0 25.0 25.0 25.0 
Th2, "C 23.0 22.7 22.4 ?2.3 22.2 22.1 22.1 22.0 
'T 2 2.35 2.6 2.6 2.8 2.9 2.95 3 
Th,ave 24 23.83 23.7 23.6 23.6 23.55 23.53 23.5 
LMTD 7.29 7.27 7.27 6.94 6.92 6.86 6.88 6.87 
Tlm."C 16.71 16.6 16.43 16.66 16.68 16.69 16.65 16.63 
Qc. kJ/s 1.95 2.29 2.49 2.54 2.65 2.63 2.75 2.94 
Qh, kJ/s 2 2.35 2.6 2.6 2.8 2.9 2.95 3 
Qdifferent, % 2.55 2.57 4.23 2.27 5.08 3.12 3.12 1.79 
Qave \.97 2.32 2.54 2.57 2.72 2.76 2.85 2.97 
Density, k' m3 999 999 999 999 999 999 999 999 
Specific Heat. Cp. kJ/(kg.K) 4.191 4.191 4.191 4.191 4.191 4.191 4.191 4.191 
Viscosity, u, 105 (Pa.s) 110.60 111.10 111.40 110.80 110.80 110.80 110.90 111.00 
Thermal Conductivity. k. 106 593 592 592 593 593 593 592 592 (kW/(m.K)) 
Mass Flow Rate, 101 (kgls) !55 237 321 404 487 571 656 739 
Re 9994 15254 20557 26025 31409 36811 42248 47558 
p, 7.82 7.86 7.89 7.83 7.83 7.83 7.85 7.85 
Density, kglm3 997 997 997 997 997 997 997 997 
Specific Heat, Cp, kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.186 
Viscosity. u. 105 (Pa.s) 91.60 97.00 92.30 92.50 92.50 92.60 92.70 92.80 
Thermal Conductivity. k. 10 606 605 605 605 605 605 605 605 (kW/(m.K)) 
Mass Flow Rate. 10! (kgls) 238.51 238.52 238.53 238.53 238.53 238.53 238.54 238.54 
Re 82867 82501 82241 82033 82033 81929 81877 8!825 
p, 6.33 6.36 6.39 6.40 6.40 6.41 6.42 6.42 
Y- IIU LMTD/Qavc 3.70 3.14 2.86 2.70 2.54 2.48 2.42 2.12 
X= (Ao/Ai)*[Ren·~Pr1 " 1(k!Dh)]"- 1 0.04274 0.03025 0.02370 0.01951 0.01672 0.01468 0.01312 0.01!90 
03 
Nominal Hot Side Mass Flow Rate Of0.2726 kgls 
10 15 20 25 30 35 40 45 
Flow rate. Vc. m3/hr 0.558 0.855 1.156 1.455 1.756 2.058 2.365 2.664 
Tel, "C 15,? 15.1 15.75 15.9 16.2 16.45 16.5 16.7 
Tc2, "C 18.3 17.6 17.7 17.6 17.55 17.65 17.55 17.65 
!IT 3.1 2.5 1.95 1.7 1.35 1.2 1.05 0.95 
Tc,ave 16.75 16.35 16.73 16.75 16.88 17.05 17.03 17.18 
Flow rate. Vh. m3/hr 0.984 0.984 0.984 0.984 0.984 0.984 0.984 0.984 
Th1. "C 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 
Th2. ~c 23.2 22.8 22.7 22.6 22.5 22.5 2?.4 22.4 
" 
1.85 2.2 2.35 2.4 2.5 2.5 '.6 2.6 
Th,ave 24.08 23.9 23.83 23.8 23.75 23.75 23.7 23.7 
LMTD 7.31 7.55 7.1 7.04 6.86 6.68 6.64 6.49 
Tim. °C 16.77 16.72 16.73 16.76 16.89 16.77 16.72 16.73 
Qc. kJ/s 2.01 2.49 2.62 2.88 2.76 2.87 2.89 ?.94 
Qh, kJ/s 2.11 2.51 2.68 2.74 ?.85 2.85 2.97 2.97 
Qdifferent. % 4.74 1.01 2.28 -4.99 3.41 -0.62 2.72 0.86 
Qave 2.06 2.5 2.65 2.81 2.8 2.86 ?.93 2.95 
Density. kg!m3 999 999 999 999 999 999 999 999 
Specific Heat. Cp. kJ/(kg.K) 4.19 4.191 4.19 4.19 4.19 ·t19 4.19 4.19 
Viscosity. u. 105 (Pa.s) 110.50 111.60 110.60 110.50 110.10 10().60 109.70 \09.30 
Thennal Conductivity, k, lOr' 593 592 593 593 593 593 593 594 (kW/(m.K)) 
Mass Flow Rate, 103 (kgis) 155 237 321 404 487 571 656 739 
Ro 10007 15175 ?0717 26093 31593 37195 42716 48303 
p, 7.81 7.9 7.82 7.81 7.78 7.74 7.75 7.71 
Density. kg/m3 997 997 997 997 997 997 997 997 
Specific Heat. Cp. kJi(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.186 
Viscosity. u, 105 (Pa.s) 91.40 91.80 92.00 92.00 92.20 92.20 92.30 92.30 
Thermal Conductivity. k. 101' 
606 605 605 605 605 605 605 605 (kW/(m.K)) 
Mass Flow Rate. 103 (kg/s) 272.58 272.59 272.59 272.60 272.60 272.60 272.60 272.60 
Ro 94884 94466 94287 94228 94108 94108 93989 93989 
p, 6.32 6.35 6.36 6.37 6.38 6.38 6.39 6.39 
y 1/U LMTDIQave 3.55 3.02 2.68 2.51 2.45 2.33 2.27 2.20 
X= (Ao/Ai)*[ReD.~pri.'\k!Dh)]"" 1 0.04268 0.03042 0.02351 0.01945 0.0\661 0.01452 0.01296 0.01171 
04 
Nominal Hot Side Mass Flow Rate Of0.3069 kg/s 
10 15 20 25 30 35 40 45 
Flow rate. Vc. m31hr 0.558 0.855 1.156 1.455 L756 2.058 2.365 2.664 
TeL "C 15.2 15.5 15.8 16 16.25 16.1 16.1 16.2 
Tc2. "C 18.45 18 17.85 17.7 17.65 17.45 17.3 17.?5 
6T 3.25 2.5 2.05 1.7 1.4 1.35 1.2 LOS 
Tc.ave 16.83 16.75 16.83 16.85 16.95 16.78 16.7 16.73 
Flow rate. Vh, m3/hr 1.108 1.108 LIDS 1.108 I. lOS 1.108 1.108 1.108 
ThL "C 25.0 25.0 25.0 25.0 24.8 25.0 25.0 24.9 
Th2. "C 23.3 23.0 22.9 22.7 22.5 22.5 22.4 22.3 
6T 1.7 2 2.15 2.35 2.3 2.5 2.6 2.6 
Th.ave 24.15 24 23.93 23.83 23.65 23.75 23.7 23.6 
LMTD 7.3 7.25 7.1 6.97 6.69 6.96 6.98 6.85 
Tlm."C 16.85 16.75 16.83 16.86 16.96 16.79 16.72 16.75 
Qc. kl/s 2.11 2.48 2.75 2.88 2.86 3.23 3.3 3.25 
Qlt kJ/s 2.18 2.57 2.76 3.02 2.96 3.21 134 3.34 
Qdifferent. % 3.48 3.3 0.28 4.78 3.31 -0.54 1.25 2.67 
Qave 2.15 2.53 2.76 2.95 2.91 3.22 3.32 3.3 
Density, kg/m3 999 999 999 999 999 999 999 999 
Specific Heat, Cp, kl/(kg.K) 4.19 4.19 4.19 4.19 4.19 4.19 4.191 4.19 
Viscosity. u, 105 (Pa.s) 110.30 110.50 110.30 110.20 109.90 110.40 110.60 I 10.60 
Thermal Conductivity, k, 10 · 593 593 593 593 593 593 593 593 (kW/(m.K)) 
Mass Flow Rate. 101 (kgls) 155 237 321 404 487 571 656 739 
R' 10026 15333 20771 26161 31654 36931 42357 47743 
p, 7.79 7.81 7.79 7.79 7.76 7.8 7.82 7.82 
Density, kg/m3 997 997 997 997 997 997 997 997 
Specific Heat. Cp, kl/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.186 
Viscosity, u. 105 (Pa.s) 91.20 91.60 91.80 9?.00 92.40 92.20 92.30 92.50 
Thermal Conductivity. k, 10' 606 606 605 605 605 605 605 605 (kW/(m.K)) 
Mass Flow Rate. 101 (kgls) 306.92 306.93 306.94 306.94 306.96 306.95 306.95 306.96 
Re 107044 106639 106437 106169 105700 105968 105834 105566 
p, 6.30 6.33 6.35 6.36 6.39 6.38 6.39 6.40 
Y- 1/U- LMTD/Qave 3.40 2.87 2.57 2.36 2.30 2.16 2.10 2.08 
X= (Ao/Ai)*[RenRprL·J(kiDh)]"'-1 0.04260 0.03008 0.02344 0.01940 0.01658 0.01463 0.01308 0.01185 
05 
Nominal Hot Side Mass Flow Rate OF0.3404 kg/s 
10 15 20 25 30 35 40 45 
Flow rate, Vc. m3/hr 0.558 0.855 l.l56 1.455 1.756 2.058 2.365 2.664 
TeL "C 15 15.3 15.35 15.5 15.7 15.8 15.9 15.9 
Tc2. °C 18.5 17.9 17.6 17.4 17.4 17.3 17.2 17.1 
"T 3.5 2.6 2.25 1.9 1.7 15 1.3 1.2 
Tc.ave 16.75 16.6 16.48 16.45 16.55 16.55 16.55 16.5 
Flow rate. Vh, m3/hr 1.229 1.229 1.229 1.229 1.229 1.229 1.229 1.229 
Thl. "C 25.0 24.8 25.0 25.0 25.0 25.1 25.0 25.0 
Th2. "C 23.4 22.9 22.8 22.7 22.7 22.6 22.5 22.4 
"T 1.6 1.9 2.2 2.35 2.35 2.5 2.55 2.65 
Th.ave 24.2 23.85 23.9 23.83 23.83 23.85 23.73 23.68 
LMTD 7.41 7.24 7.42 7.37 7.27 7.29 7. [6 7.15 
Tlm,"C 16.79 16.61 16.48 16.45 16.55 16.56 16.57 16.52 
Qc. kJ/s 2.27 2.58 3.02 3.21 3.47 3.59 3.57 3.72 
Qh, kJ/s 2.28 2.71 3.14 3.35 3.35 3.56 3.63 3.78 
Qdifferent. % 0.43 4.57 3.56 4.04 -3.62 -0.72 1.66 1.6 
Qave 2.28 2.65 3.08 3.?8 3.41 3.58 3.6 3.75 
Density, kglm3 999 999 999 999 999 999 999 999 
Specific Heat, Cp, kJ/(kg.K) 4.19 4.191 4.191 4.191 4.191 4.191 4.191 4.191 
Viscosity, u. 105 (Pa.s) 110.50 110.90 111.30 1! 1.40 111.10 111.10 lll.IO 111.20 
Thermal Conductivity, k, 106 593 592 592 592 592 592 592 592 (kW/(m.K)) 
Mass Flow Rate, 103 (kg!s) 155 237 321 404 487 571 656 739 
Re 10007 15273 20584 25891 31328 36716 42193 47466 
p, 7.81 7.85 7.87 7.88 7.86 7.86 7.86 7.87 
Density. kglm3 997 997 997 997 997 997 997 997 
Specific Heat, Cp. kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.186 
Viscosity. u. 105 (Pa.s) 9l.IO 91.90 91.80 92.00 9?.00 91.90 92.20 92.30 
Thermal Conductivity, k, I 06 606 605 605 605 605 005 605 605 (kW/(m.K)) 
Mass Flow Rate. JO·' (kg/s) 340.43 340.46 340.46 340.47 340.47 340.46 340.47 340.48 
"' 
1 18883 1178~8 117987 117763 117763 117838 [ 17466 117317 
p, 6.30 6.36 6.35 6.36 6.36 6 . .16 6.38 6.39 
Y - l/U - LMTD/Qave 3.26 2.74 2.41 2.25 2.13 2.04 1.99 1.91 
X., (Ao/Ai)*[Re11 ·aPr1-'\k1Dh)]"·1 0.04268 0.03021 0.02367 0.01962 0.01677 0.01472 0.01313 0.01193 
06 
D.2 Plain Tube Wilson Plot Test with Re0·733 
Nominal Hot Side Mass Flow Rate Of0.1345 kg/s 
10 15 20 25 30 35 40 45 
Flow rate. Vc. m3/hr 0.558 0.855 l.l56 1.455 1.756 2.058 2.365 2.664 
Tel, "C 15 15.5 15.8 15.9 16 16.2 16.1 16 
Tc2. "C 18.8 18.2 18 17.7 17.5 17.6 17.3 17.1 
"T 3.8 2.7 2.2 18 1.5 1.4 1.2 1.1 
Tc,ave 16.9 16.85 16.9 16.8 16.75 16.9 16.7 16.55 
Flow rate. Vh. m3/hr 0.486 0.486 0.486 0.486 0.486 0.486 0.486 0.486 
Thl. "C 30.0 30.0 30.0 29.9 29.9 30.0 30.1 30.0 
Th2. "C 25.5 24.9 24.6 24.4 24.3 24.4 24.0 23.9 
"T 4.5 5.1 5.4 5.5 5.65 5.65 6.1 6.1 
Th.ave 27.75 27.45 27.3 27.15 27.08 27.18 27.05 26.95 
LMTD 10.85 10.55 10.32 10.24 10.18 10.13 10.15 10.2 
Tim. "C 16.9 16.9 16.98 16.91 16.89 17.05 16.9 16.75 
Qc. kJ/s 2.46 2.68 2.96 3.04 3.06 3.35 3.3 3.41 
Qh. kJ/s 2.53 2.87 3.04 3.1 3.18 3. 18 3.43 3.43 
Qdifferent, % 2.7 6.54 2.76 1.68 3.75 -5.29 3.94 0.81 
Qave 2.5 2.78 3 3.07 3.12 3.27 3.37 3.42 
Density. kg/m3 999 999 999 999 999 999 999 999 
Specific Heat. Cp, kJ/(kg.K) 4.19 4.19 4.19 4.19 4.19 4.19 4.191 4.191 
Viscosity, u. JO·' (Pa.s) l \0.10 110.20 110.10 110.30 110.50 110.10 110.60 Ill. 10 
Thermal Conductivity. k. 106 593 593 593 593 593 593 593 592 (kW/(m.K)) 
Mass Flow Rate. 101 (kgls) 155 237 321 404 487 571 656 739 
Re 10046 15373 20812 26127 31491 37050 42357 47527 
p, 7.78 7.79 7.78 7.8 7.81 7.78 7.82 7.86 
Density. kg/m3 996 996 996 996 996 996 996 997 
Specific Heat, Cp, kJ/(kg.K) 4.185 4.185 4.185 4.185 4.185 4.185 4.185 4.185 
Viscosity, u. 105 (Pa.s) 83.40 84.00 84.30 84.60 84.80 84.60 84.80 85.00 
Thermal Conductivity. k. 10° 612 611 611 611 611 611 611 610 (kW/(m.K)) 
Mass Flow Rate, 10' (kgls) 134.50 134.51 134.52 134.52 134.53 134.52 134.53 134.53 
Re 51339 50965 50779 50593 50500 50624 50469 50345 
p, 5.70 5.75 5.77 5.80 5.81 5.79 5.81 5.83 
Y = l!U = LMTD/Qave 4.34 3.80 3.49 3.33 3.26 3.10 3.02 2.98 
X= (AoiAi)*[RenmPr1'\k1Dh)]"-1 0.09476 0.06940 0.05556 0.04706 0.04105 0.03640 0.03305 0.03040 
D7 
Nominal Hot Side Mass Flow Rate Of0.2036 kg/s 
10 15 20 25 30 35 40 45 
Flow rate, Vc, m3/hr 0.558 0.855 l.\56 1.455 1.756 2.058 2.365 2.664 
Tel. "C 15.2 15 15.6 15.7 16 16 16.2 16.2 
Tc2. "C 18 17.2 17.3 17.05 17.2 17 17.1 17 
" 
2.8 2.2 1.7 1.35 1.2 I 0.9 0.8 
Tc.ave 16.6 16.1 16.45 16.38 16.6 16.5 16.65 16.6 
Flow rate, Vh. m3/hr 0.735 0.735 0.735 0.735 0.735 0.735 0.735 0.735 
Thl. "C 25.1 25.0 25.1 25.0 24.9 25.0 25.0 24.9 
Th2. "C 22.9 22.4 22.4 22.1 22.1 22.0 22.0 2!.9 
->T 2.2 2.6 2.7 2.9 2.8 J 3 3 
Th,ave 24 23.7 23.75 23.55 23.5 23.5 23.5 23.4 
LMTD 7.4 7.6 7.29 7.15 6.87 6.95 6.8 6.74 
Tim. "C' 16.6 16.6 16.46 16.4 16.63 16.55 16.7 16.66 
Qc. kJ/s 1.82 2.19 2.J8 2.28 2.45 2.39 2.47 2.48 
Qh, kJ/s 1.88 2.22 2.3 2.47 2.39 2.56 2.56 2.56 
Qdifferent, % 3.13 1.31 0.73 7.62 -2.63 3.44 3.24 3.12 
Qave 1.85 2.2 2.29 2.38 2.42 2.48 2.52 2.52 
Density. kg/m3 999 999 999 999 999 999 999 999 
Specific Heat. C'p, kJ/(kg.K) 4.191 4.191 4.191 4.191 4.191 -U91 4.191 4.191 
Viscosity, u, 105 (Pa.s) 110.90 112.40 111.40 111.60 110.90 111.20 110.80 110.90 
Thermal Conductivity. k. 10 592 592 592 592 592 592 593 592 (kW/(m.K)) 
Mass Flow Rate, 103 (kg/s) !55 237 321 404 487 571 656 739 
"' 
9968 15077 20570 25841 31369 36668 42302 47589 
p, 7.85 7.96 7.88 7.9 7.85 7.87 7.83 7.85 
Density, kglm3 997 997 997 997 997 997 997 997 
Specific Heat. Cp, kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.187 
Viscosity. u, 105 (Pa.s) 91.60 ()2.30 92.20 92.60 92.80 92.80 92.80 93.00 
Thermal Conductivity, k. 106 606 605 605 605 605 605 605 604 (kW/(m.K)) 
Mass Flow Rate. !OJ (kg/s) 203.61 203.62 203.62 203,63 J03.63 20~.63 203.63 203.63 
"' 
70740 70206 70294 69939 69851 69851 69851 69674 
p, 6.33 6.39 6.38 6.41 6.42 6.42 6.42 6.44 
Y - LV - LMTD/Qave 4.01 3.45 3.18 3.01 2.84 2.81 2.70 2.68 
X= (Ao/Ai)*[Rcu.mPr1,..·1(k!Dh)]"-J 0.09549 0.07075 0.05621 0.04758 0.04121 0.03<178 0.03309 0.03036 
DB 
Nominal Hot Side Mass Flow Rate Of0.2385 kg/s 
10 15 20 '5 30 35 40 45 
Flow rate. Ve. m3/hr 0.558 0.855 1.156 1.455 1.756 2.058 2.365 2.664 
Tel. "C 15.2 15.4 15.5 15.9 16 16.1 16.1 16.1 
Tel, "C 18.2 17.7 17.35 17.4 17.3 17.2 17.1 17.05 
"T 3 2.3 1.85 1.5 1.3 II I 0.95 
Te,ave 16.7 16.55 16.43 16.65 16.65 16.65 16.6 16.58 
Flow rate, Vh. m3/hr 0.861 0.861 0.861 0.861 0.86! 0.861 0.861 0.861 
Thl. "C 25.0 25.0 25.0 24.9 25.0 25.0 25.0 25.0 
Th2, "C 23.0 22.7 22.4 22.3 22.2 22.1 22.1 22.0 
"' ' 
2.35 2.6 2.6 2.8 2.9 2.95 3 
Th.ave 24 23.83 23.7 23.6 23.6 23.55 23.53 23.5 
LMTD 7.29 7.27 7.27 6.94 6.92 6.86 6.88 6.87 
Tlm."C 16.71 16.6 16.43 16.66 16.68 16.69 16.65 16.63 
Qc, k.l/s 1.95 2.29 2.49 2.54 2.65 2.63 2.75 2.94 
Qh, kJ/s 2 2.35 2.6 2.6 2.8 2.9 2.95 3 
Qdifferent % 2.55 2.57 4.23 2.27 5.08 3.12 3.12 1.79 
Qave 1.97 2.32 2.54 2.57 2.72 2.76 2.85 2.97 
Density. kglm3 999 999 999 999 999 999 999 999 
Specific Heat. Cp. kJ/(kg.K) 4.191 4.191 4.191 4.191 4.191 4.191 4.191 4.191 
Viscosity. u, 105 (Pa.s) 110.60 111.10 111.40 110.80 110.80 110.80 110.90 111.00 
Thermal Conductivity, k. 101' 593 592 592 593 593 593 592 592 (kW/(m.K)) 
Mass Flow Rate, 101 (kgls) 155 237 321 404 487 571 656 739 
Re 9994 15254 20557 26025 31409 36811 42248 47558 
p, 7.82 7.86 7.89 7.83 7.83 7.83 7.85 7.85 
Density. kg/m3 997 997 997 997 997 997 997 997 
Specific Heat Cp. kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4..186 4.186 4.186 
Viscosity. u, 105 (Pa.s) 91.60 92.00 92.30 92.50 92.50 92.60 92.70 92.80 
Thermal Conductivity. k. 106 606 605 605 605 605 605 605 605 (kW/(m.K)) 
Mass Flow Rate, J0·1 (kg/s) 238.51 238.52 238.53 238.53 238.53 238.53 ?38.54 238.54 
Re 82867 82501 82241 82033 82033 81929 81877 81825 
" 
6.33 6.36 6.39 6.40 6.40 6.41 6.42 6.42 
Y - I /U - LMTD/Qave 3.70 3.14 2.86 2.70 2.54 2.48 2.42 2.32 
X= (AoiAi)*[Re" 7·11Pr1,.\ki0h)]"-1 0.09525 0.06993 0.05624 0.04724 0.04116 0.03664 0.03313 0.03038 
09 
Nominal Hot Side Mass Flow Rate Of0.2726 kgls 
10 15 20 25 30 35 40 45 
Flow rate. Vc. m3/hr 0.558 0.855 1.156 1.455 1.756 2.058 2.365 2.664 
Tel. "C 15.2 15.1 15.75 15.9 16.2 16.45 16.5 16.7 
Tc2. "C 18.3 17.6 17.7 17.6 17.55 17.65 17.55 17.65 
" 
3.1 2.5 1.95 1.7 1.35 1.2 1.05 0.95 
Tc,ave 16.75 16.35 16.73 16.75 16.88 17.05 17.03 17.18 
Flow rate. Vh, m3/hr 0.984 0.984 0.984 0.984 0.984 0.984 0.984 0.984 
Thl. "C 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 
Th2, "C 23.2 22.8 22.7 22.6 2?.5 22.5 22.4 2?.4 
" 
1.85 2.2 2.35 2.4 2.5 2.5 2.6 2.6 
Th.ave 24.08 23.9 23.83 23.8 23.75 23.75 23.7 23.7 
LMTD 7.31 7.55 7.1 7.04 6.86 6.68 6.64 6.49 
Tlm,"C 16.77 16.72 16.73 16.76 16.89 16.77 16.72 16.73 
Qc. kJis 2.01 2.49 2.62 2.88 2.76 2.87 2.89 ?.94 
Qh. kJ/s 2.11 2.51 2.68 2.74 2.85 2.85 2.97 2.97 
Qdifferent % 4.74 1.01 ?.28 -4.99 3.41 -0.62 2.72 0.86 
Qave 2.06 2.5 ?.65 2.81 2.8 2.86 2.93 2.95 
Density, kglm3 999 999 999 999 999 999 999 999 
Specific Heat. Cp, kJ/(kg.K) 4.19 4.191 4.19 4.19 4.19 4.19 4.19 4.19 
Viscosity, u. 105 (Pa.s) 110.50 111.60 110.60 110.50 110.10 109.60 109.70 109.30 
Thermal Conductivity. k. 10~ 593 592 593 593 593 593 593 594 (kW/(m.K)) 
Mass Flow Rate. 10.1 (kgls) 155 237 321 404 487 571 656 739 
Re 10007 15175 20717 26093 31593 37195 42716 48303 
p, 7.81 7.9 7.82 7.81 7.78 7.74 7.75 7.71 
Density. kglm3 997 997 997 997 997 997 997 997 
Specific Heat, Cp, kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.186 
Viscosity, u. 105 (Pa.s) 91.40 91.80 92.00 92.00 92.20 92.20 92.30 92.30 
Thermal Conductivity, k, 10' 606 605 605 605 605 005 605 605 (kWI(m.K)) 
Mass Flow Rate, 10.1 (kgls) 272.58 272.59 272.59 272.60 272.60 272.60 272.60 272.60 
Re 94llll4 94466 94287 94228 94108 94108 93989 93989 
p, 6.32 6.35 6.36 6.37 6.38 6.38 6.39 6.39 
Y- 1/U- LMTD/Qave 3.55 3.02 2.68 2.51 2.45 2.33 2.27 2.20 
X= (Ao/Ai)*[Re11 ·71JPr1' 1(k!Dh)]/\'1 0.09513 0.07029 0.05581 0.04712 0.04092 0.03626 0.03277 0.02992 
D10 
Nominal Hot Side Mass Flow Rate Of0.3069 kgls 
10 15 20 25 30 35 40 45 
Flow rate, Vc, m3/hr 0.558 0.855 1.156 1.455 1.756 2.058 2.365 2.664 
Tel. "C 15.2 15.5 15.8 16 16.25 16.1 16.1 16.2 
Tc2. "C 18.45 18 17.85 17.7 17.65 17.45 17.3 17.25 
"T 3.25 2.5 2.05 1.7 1.4 1.35 1.2 1.05 
Tc.avc 16.83 16.75 16.83 16.85 16.95 16.78 16.7 16.73 
Flow rate. Vh, m3/hr 1.108 1.108 1.108 1.108 1.108 LIDS 1.108 1.108 
ThL "C 25.0 25.0 25.0 25.0 24.8 ?5.0 25.0 24.9 
Th2. "C 23.3 23.0 2?.9 22.7 22.5 ?2.5 22.4 22.3 
or 1.7 2 2.15 2.35 2.3 2.5 2.6 2.6 
Th,ave 24.15 24 23.93 23.83 23.65 23.75 23.7 23.6 
LMTD 73 7.25 7.1 6.97 6.69 6.96 6.98 6.85 
Tlm.''C 16.85 16.75 16.83 16.86 16.96 16.79 16.72 16.75 
Qc. kJ/s 2.11 2.48 2.75 2.88 2.86 3.23 3.3 3.25 
Qh. kJ/s 2.!8 2.57 2. 76 3.02 2.96 .3.21 3.34 3.34 
Qdifferent. % 3.48 3.3 0.28 4.78 3.31 -0.54 1.25 2.67 
Qave 2.15 2.53 ?.76 2.95 2.91 3.22 3.32 3.3 
Density. kg/m3 999 999 999 999 999 999 999 999 
Specific Heat. Cp. kJ/(kg.K) 4.19 4.19 4.19 4.19 4.19 4.19 4.191 4.19 
Viscosity, u. 105 (Pa.s) 110.30 110.50 110.30 110.20 109.90 110.40 110.60 110.60 
Thermal Conductivity. k, 10' 593 593 593 593 593 593 593 593 (kW/(m.K)) 
Mass Flow Rate. 10.1 (kg/s) 155 237 321 404 487 571 656 739 
Re 10026 15333 20771 26161 31654 36931 42357 47743 
p, 7.79 7.81 7.79 7.79 7.76 7.8 7.82 7.82 
Density. kglm3 997 997 997 997 997 997 997 997 
Specific Heat. Cp. kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.186 
Viscosity. u. 105 (Pa.s) 91.20 91.60 91.80 92.00 92.40 92.20 92.30 9?.50 
Thermal Conductivity. k. 10'' 606 606 605 605 605 605 605 605 (kWi(m.K)) 
Mass Flow Rate. 103 (kg/s) 306.92 306.93 306.94 306.94 306.96 306.95 306.95 306.96 
Re 107044 106639 106437 106169 105700 105968 105834 105566 
p, 6.30 6.33 6.35 6.36 6.39 6.38 6.39 6.40 
Y = 1/U - LMTD/Qave 3.40 2.87 2.57 2.36 2.30 2.16 2.10 2.08 
X= (Ao/Ai)*[Re1'·7J·1Pr1.'(k1Dh)]"-1 0.09494 0.06957 0.05567 0.04700 0.04084 0.03652 0.03305 0.03027 
011 
Nominal Hot Side Mass Flow Rate Of0.3404 kgls 
10 IS 20 25 30 35 40 4S 
Flow rate. Vc, m3/hr 0.558 0.855 1.156 1.455 1.756 2.058 2.365 2.664 
TeL "C IS 15.3 15.35 I 5.5 15.7 15.8 15.9 15.9 
Tc2. ''C 18.5 17.9 17.6 17.4 17.4 17.3 17.2 17.1 
'T 3.S 2.6 2.25 1.9 1.7 l.S 1.3 1.2 
Tc,ave 16.75 16.6 16.48 16.45 16.55 16.55 16.55 16.5 
Flow rate. Vh, m3/hr 1.229 1.229 1.229 1.229 1.?29 1.229 1.229 1.229 
Thl."C 25.0 24.8 25.0 25.0 25.0 25.1 25.0 25.0 
TILZ. "C 23.4 22.9 22.8 22.7 22.7 22.6 22.5 22.4 
'T 1.6 1.9 2.2 2.35 2.35 2.S 2.55 2.65 
Th.ave 24.2 23.85 23.9 23.83 23.83 23.85 23.73 23.68 
LMTD 7.41 7.24 7.42 7.37 7.27 7.29 7.16 7.15 
Tlm."C 16.79 16.61 16.48 16.45 16.55 16.56 16.57 16.52 
Qc. kJ/s 2.27 2.58 3.02 3.21 3.47 3.59 3.57 3.72 
Qh, kJ/s 2.28 2.71 3.14 3.35 3.35 3.56 3.63 3.78 
Qdifferent. % 0.43 4.57 3.56 4.04 -3.62 -0.72 1.66 1.6 
Qave 2.28 2.65 3.08 3.28 3.41 3.58 3.6 3.75 
Density. kglm3 999 999 999 999 999 999 999 999 
Specific Heat. Cp, kJ/(kg.K) 4.19 4.191 4.191 4.191 4.191 4.191 4.191 4.191 
Viscosity, u, 105 (Pa.s) 110.50 110.90 111.30 111.40 111.10 111.10 111.10 111.20 
Thermal Conductivity. k. lOr' 593 592 592 592 592 592 592 S92 (kW/(m.K)) 
Mass Flow Rate. 103 (kg/s) 155 237 321 404 487 S71 656 7W 
Re 10007 15273 20584 25891 31328 36716 42193 47466 
p, 7.81 7.85 7.87 7.88 7.86 7.86 7.86 7.87 
Density, kglm3 997 997 997 997 997 097 997 997 
Sp~cific Heat. Cp. kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 4.186 4.186 4.186 
Viscosity, u, 105 (Pa.s) 91.10 91.90 91.80 92.00 92.00 91.90 92.20 92.30 
Thermal Conductivity. k, 10 606 605 60S 605 605 605 605 605 (kW/(m.K)) 
Mass Flow Rate, 101 (kg/s) 340.43 340.46 340.46 340.47 340.47 340 46 340.47 340.48 
Re 118883 117S38 117987 117763 117763 117838 117466 117317 
p, 6.30 6.36 6.35 6.36 6.36 6.36 6.38 6.39 
y .. l/U - LMTD/Qave 3.26 2.74 2.41 2.25 2.13 2.04 1.99 1.91 
X= (Ao1Ai)*[Re117l3pr1'\k1Dh)]"-l 0.09441 0.06929 0.05571 0.04709 0.04092 0.03642 0.03289 0.03017 
012 
D.3 EXTEK Tube Wilson Plot Test with Re0·59 
Nominal Hot Side Mass Flow Rate Of0.0355 kgls 
15 20 25 30 35 
Flow rate. V c. m3/hr 0.722 0.987 1.255 1.526 1.795 
Tel. "C 20 20.1 20.2 20.3 20.05 
Tc2. "C 20.68 20.59 20.63 20.65 20.35 
'T 0.68 0.49 0.43 0.35 0.3 
Tc,ave 20.34 20.35 20.42 20.48 20.2 
Flow rate. Vh. m3/hr 0.128 0.128 0.128 0.128 0.128 
ThL "C 25.0 25.0 25.0 25.0 25.0 
Th2. "C 21.0 20.9 21.0 21.0 20.7 
'T 4 4.1 4 4 4.3 
Th.ave 23 22.95 23 23 22.85 
LMTD 2.27 2.11 2.1 2 2.03 
Tim. "C 20.73 20.84 20.9 'I 20.82 
Qc. kJ/s 0.57 0.56 0.63 0.62 0.63 
Qh, kJ/s 0.59 0.61 0.59 0.59 0.64 
Qdifferent. % 4.02 7.76 -5.49 -4.4 2.08 
Qave 0.58 0.59 0.61 0.61 0.63 
Density. kglm3 998 998 998 998 998 
Specific Heat. Cp. kJ/(kg.K) 4.188 4.188 4.188 4.188 4.188 
Viscosity. u. 105 (Pa.s) 100.60 100.60 100.40 100.30 101.00 
Thermal Conductivity. k. lOr' 599 599 599 599 599 (kW/(m.K)) 
Mass Flow Rate. 101 (kgls) 200 274 348 423 498 
Ro 14207 19424 24742 30132 35193 
p, 7.03 7.03 7.02 7.01 7.06 
Density, kg/m3 997 997 997 997 998 
Specific l-leaL Cp. kJi(kg.K) 4.187 4.187 4.187 4.187 4.187 
Viscosity. u. 105 (Pa.s) 94.00 94.10 94.00 94.00 94.30 
Thermal Conductivity. k. 10' 604 604 604 604 604 (kW/(m.K)) 
Mass Flow Rate. 101 (kg!s) 35.47 35.47 35.47 35.47 35.47 
Ro 12011 11996 120\l 12011 11965 
p, 6.51 6.52 6.51 6.51 6.54 
Y -· 1/U - LMTDIQave 3.90 3.61 3.45 3.79 3.22 
X= (Ao/Ai)*[Re11 •1'Jpr111(k/Dh)]"-l 0.51254 0.42722 0.37092 0.33059 0.30259 
013 
Nominal Hot Side Mass Flow Rate Of0.0559 kg/s 
15 20 25 30 35 
Flow rate. Vc, m3/hr 0.72 0.987 1.255 1.5?6 1.795 
TeL "C 20 20.1 20.2 20.2 20.3 
Tc2, "C 20.9 20.79 20.75 20.65 20.7 
" 
0.9 0.69 0.55 0.45 0.4 
Tc,ave 20.45 20.45 20.48 20.43 20.5 
Flow rate. Vh, m3/hr 0.202 0.202 0.202 0.202 1J.202 
Thl. "C 25.1 25.0 25.0 25.0 25.0 
Th2, "C' 21.6 21.5 21.5 21.3 21.4 
"T 3.5 3.5 3.55 3.7 3.6 
Th.ave 23.35 23.25 23.23 23.15 23.2 
LMTD 2.69 2.55 2.45 2.36 2.35 
Tlm,''C ?0.66 20.7 20.77 20.79 20.85 
Qc, kJis 0.75 0.79 0.8 0.8 0.83 
Qh, kJ/s 0.82 0.82 0.83 0.87 0.84 
Qdifferent % 8.26 3.58 3.66 8.04 l.l8 
Qave 0.79 0.81 0.82 0.83 0.84 
Density, kg/m3 998 998 998 998 998 
Specific Heat, Cp, kJ/(kg.K) 4.188 4.188 4.188 4.188 4.188 
Viscosity, u. 105 (Pa.s) 100.30 100.40 J 00.30 100.40 100.20 
Thermal Conductivity. k. 101' 599 599 599 599 599 (kW/(m.K)) 
Mass Flow Rate. 101 (kg/s) 200 274 348 423 498 
Re 14?08 19474 24781 30093 35466 
p, 7.01 7.01 7.01 7.02 7 
Density, kg/m3 997 997 997 997 997 
Specific Heat. Cp. kJ/(kg.K) 4.187 4.187 4.187 4.187 4.187 
Viscosity. u. 105 (Pa.s) 93.10 93.40 93.40 93.60 93.50 
Thermal Conductivity. k, 106 604 604 604 604 604 (kW/(m.K)) 
Mass Flow Rate. 103 (kg/s) 55.97 55.97 55.97 55.97 55.97 
Re 19124 19076 19064 19027 19052 
p, 6.45 6.47 6.47 6.49 6.48 
Y - I iU - LMTD/Qave 3.43 3.17 3.00 2.84 2.80 
X= {Ao/Ai)*j'Re'159Pr1'\kiDh)j"-1 0.51214 0.42630 0.37044 0.33095 0.30062 
D14 
Nominal Hot Side Mass Flow Rate Of0.0842 kg/s 
15 20 25 30 35 
Flow rate, Vc, m3/hr 0.718 0.985 1.252 1.522 1.795 
TeL ''C 20 20.1 20.2 20.25 20.3 
Tel,"(' 21.15 21 20.9 20.85 20.85 
" 
1.15 0.9 0.7 0.6 0.55 
Tc,ave 20.58 20.55 20.55 20.55 20.58 
Flow rate. Vh. m3/hr 0.304 0.303 0.301 0.303 0.304 
ThL "(' 25.0 25.1 25.1 25.2 25.0 
Th2, "C 22.3 22.2 22.0 22.0 22.0 
'T 2.7 2.9 3.1 3.2 3 
Th.ave 23.65 23.65 ?3.55 23.6 23.5 
LMTD 3.01 2.99 2.83 2.86 2.75 
Tlm. "C 20.64 20.66 20.72 20.74 20.75 
Qc, kJ/s 0.96 !.03 1.02 1.06 1.15 
Qh. kJ/s 0.95 1.02 1.08 1.12 1.06 
Qdifferent. % -0.7 -0.99 5.98 5.72 -8.36 
Qave 0.96 1.02 1.05 1.09 1.1 
Density. kg/m3 998 998 998 998 998 
Specific Heat Cp, kJ/(kg.K) 4.188 4.188 4.188 4.188 4.188 
Viscosity, u, 105 (Pa.s) 100.00 100.10 100.10 100.10 100.00 
Thermal Conductivity. k, l 01' 600 600 600 600 600 (kW/(m.K)) 
Mass Flow Rate. 10' (kgls) 199 273 347 422 498 
Re 14214 19487 24769 30111 35534 
p, 6.99 6.99 6.99 6.99 6.99 
Density. kglm3 997 997 997 997 997 
Specific Heat Cp. kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 
Viscosity. u, 105 (Pa.s) 92.40 92.40 92.60 92.50 92.80 
Thermal Conductivity. k, !Or' 
605 605 605 605 605 (kW/(m.K)) 
Mass Flow Rate. 101 (kgls) 84.22 83.94 83.39 83.94 84.22 
Re 29001 28905 ?8642 28869 28891 
p, 6.39 6.39 6.41 6.40 6.42 
Y = liU = LMTD/Qave 3.15 2.92 2.70 2.61 2.49 
X""' (Ao1Ai)*[Re11 · 5 ~Pr1 " 1 (k1Dh)]"" 1 0.51158 0.42583 0.37035 0.33056 0.30013 
DlS 
Nominal Hot Side Mass Flow Rate OfO. kg/s 
15 20 25 30 35 
Flow rate. Vc, m3/hr 0.72 0.989 1.254 1.526 1.796 
Tel, "C 20 20.2 20.3 20.35 20.35 
Tc2. "C 21.35 21.2 21.1 21.05 21 
'H 1.35 I 0.8 0.7 0.65 
Tc.ave 20.68 20.7 20.7 20.7 20.68 
Flow rate. Vh, m3/hr 0.392 0.391 0.392 0.391 0.391 
Thl. "C 25.0 25.0 25.0 25.0 25.0 
Th2. "C 22.6 2?.4 22.3 22.2 22.2 
"T 2.4 2.6 2.75 2.8 2.8 
Th.ave 23.8 23.7 23.63 23.6 23.6 
LMTD 3.1 2.93 2.81 2.77 2.79 
Tim. "C 20.7 20.77 20.81 20.83 20.81 
Qc, kJ/s 1.13 1.15 1.16 1.24 1.36 
Qh. kJ/s 1.09 1.18 1.25 1.27 1.27 
Qdifferent. % -3.42 2.62 6.85 2.34 -6.73 
Qave 1.11 1.16 1.21 1.25 1.31 
Density, kg/m3 998 998 998 998 998 
Specific Heat. Cp. kJ/(kg.K) 4.188 4.188 4.188 4.188 4.188 
Viscosity. u. 105 (Pa.s) 99.80 99.70 99.70 99.70 99.80 
Thermal Conductivity. k. !Or' 600 600 600 600 600 (kW/(m.K)) 
Mass Flow Rate. 101 (kg/s) 200 '74 348 423 498 
Re 14290 19642 24905 30306 35646 
p, 6.97 6.96 6.96 6.96 6.97 
Density. kglm3 997 997 997 997 997 
Specific Heat. Cp, kJ/(kg. K) 4.186 4.186 4.186 4.186 4.186 
Viscosity. u. 105 (Pa.s) 92.00 92.30 92.50 92.50 92.50 
Thermal Conductivity. k. !Or' 605 605 605 605 605 (kWI(m.K)) 
Mass Flow Rate. 101 (kg/s) 108.59 108.32 108.60 108.32 108.32 
Re 37538 37347 37372 37253 37253 
p, 6.37 6.39 6.40 6.40 6.40 
y 1/U LMTD/Qave 2.79 2.52 2.33 2.21 2.12 
X= (Ao/Ai)*[Re11 5'1Pr1.-·1(k/Dh)j"-1 0.50965 0.42345 0.36880 0.32898 0.29939 
D16 
Nominal Hot Side Mass Flow Rate OfO. kg/s 
15 20 25 30 35 
Flow rate, Vc, m3/hr 0.721 0.987 1.256 1.527 1.8 
TeL "C 20 20.1 20.2 20.3 20.35 
Tc2. "C 21.45 21.3 21.!3 21.15 21.1 
" 
1.45 1.2 0.93 0.85 0.75 
Tc.ave 20.73 20.7 20.67 20.73 20.73 
Flow rate. Vh. m3ihr 0.523 0.525 0.525 0.526 0.526 
Thl, "C 25.0 25.0 24.9 25.0 25.1 
Th2. "C 22.9 22.8 22.5 22.5 22.5 
OJ 2,15 2.25 2.4 2.5 2.6 
Th.ave 23.93 23.88 23.7 23.75 23.8 
LMTD 3.19 3.15 2.97 2.95 2.98 
Tim. "C 20.74 20.73 20.73 20.8 20.82 
Qc. kJ/s 1.21 1.38 1.36 1.51 1.57 
Qh. kJ/s l.l 1.37 1.46 1.53 1.59 
Qdifferent, % 6.93 -0.37 7.2 l.2 1.!9 
Qave 1.26 1.37 1.41 !.52 1.58 
Density. kg/m3 998 998 998 998 998 
Specific Heat. Cp, kJI(kg.K) 4.188 4.188 4.188 4.188 4.188 
Viscosity, u, 105 (Pa.s) 99,60 99.70 99.80 99.60 99.60 
Thermal Conductivity, k. IO~ 600 600 600 600 600 (kW/(m.K)) 
Mass Flow Rate. 103 (kg/s) 200 274 348 423 499 
Re 14328 19602 24922 30346 35771 
p, 6.96 6.96 6.97 6.96 6.96 
Density, kgim3 997 997 997 997 997 
Specitic Heat. Cp. kJ/(kg.K) 4.186 4.186 4.186 4.186 4.186 
Viscosity. u, 105 (Pa.s) 91.80 91.90 92.30 92.20 92.00 
Thermal Conductivity. k, 106 605 605 605 605 605 (kW/(m.K)) 
Mass Flow Rate. 101 (kgls) 144.88 145.44 145.44 145.72 145.72 
Ro 50241 50369 50147 50306 50370 
p, 6.35 6.35 6.39 6.38 6.37 
Y - 1 /U - LMTD!Qave 2.53 2.29 2.1 I 1.94 1.89 
X= (Ao/Ai)*[Re0 5 ~Pr 1 '\k1Dh)]A" 1 0.50868 0.42394 0.36874 0.32868 0.29867 
D17 
APPENDIXE 
COLBURN)-FACTOR TEST DATA 
E.l Plain Tube 
Hot Side (Annulus) 
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0.744 25.2 21.3 23.3 997.4 4.00 15.2 1355.8 9.34E-04 4186.6 0.60422 5809 6.47 
0.744 25.0 21.2 23.1 997.5 4.00 15.2 IJ54.3 9.37E-04 4186.6 0.60397 5781 6.50 
0.744 25.1 21.4 23.2 997.4 4.00 15.2 1355.1 9.34E-04 4186.6 0.60418 5803 6.47 
0.743 25.1 21.4 23.2 997.4 4.00 15.2 1353.7 9.34E-04 4186.6 0.60419 5797 6.47 
0.744 25.1 21.4 23.2 997.4 4.00 15.2 IJ55 9.34E-04 4186.6 0.60419 5804 6.47 
0.743 25.1 21.4 23.2 997.4 4.00 15.2 IJ53.8 9.34E-04 4186.6 0.60419 5798 6.47 
0.744 25.1 21.4 23.2 997.4 4.00 15.2 1355 9.34E-04 4186.6 0.60419 5804 6.47 
0.744 25.1 21.4 23.2 997.4 4.00 15.2 1354.8 9.34E-04 4186.6 0.60419 5803 6.47 
0.744 25.2 21.4 23.3 997.4 4.00 15.2 1355.1 9.32E-04 4186.5 0.60433 5816 6.46 
0.744 25.0 21.4 23.2 997.4 4.00 15.2 1354.4 9.35E-04 4186.6 0.60411 5793 6.48 
0.744 25.2 21.5 23.4 997.4 4.00 15.2 1355.7 9.31E-04 4186.5 0.60442 5826 6.45 
0.745 25.2 21.6 23.4 997.4 4.00 15.2 1356.3 9.JOE-04 4186.5 0.60451 5837 6.44 
0.743 25.2 21.7 23.5 997.4 4.00 15.2 1353.8 9.28E-04 4186.5 0.60458 5833 6.43 
0.744 25.2 21.9 23.6 997.4 4.00 15.2 1355.3 9.26E-04 4186.4 0.60473 5852 6.41 
0.745 25.2 22.0 23.6 997.3 4.00 15.2 1356.8 9.25E-04 4186.4 0.60482 5866 6.40 
0.744 25.4 22.1 23.7 997.3 4.00 15.2 1355.5 9.22E-04 4186.4 0.60506 5882 6.38 
0.744 25.2 22.1 23.7 997.3 4.00 15.2 1355.3 9.24E-04 4186.4 0.6049 5867 6.39 
0.744 25.2 22.2 23.7 997.3 4.00 15.2 1355.2 9.23E-04 4186.4 0.60495 5871 6.39 
0.745 25.1 22.1 23.6 997.3 4.00 15.2 1356.3 9.25E-04 4186.4 0.60485 5867 6.40 
0.745 25.2 22.3 23.8 997.3 4.00 15.2 1356.1 9.22E-04 4186.4 0.60507 5886 6.38 
0.745 25.4 22.5 24.0 997.3 4.00 15.2 1356.4 9.17E-04 4186.3 0.60541 5917 6.34 
0.745 25.2 22.5 23.9 997.3 4.00 15.2 1356.8 9.19E-04 4186.3 0.60524 5903 6.36 
0.745 25.2 22.6 23.9 997.3 4.00 15.2 1357 9.18E-04 4186.3 0.60533 5912 6.35 
0.746 25.4 22.9 24.2 997.2 4.00 15.2 1357.6 9.12E-04 4186.2 0.60575 5952 6.30 
0.746 25.2 22.8 24.0 997.2 4.00 15.2 1357.8 9.15E-04 4186.3 0.60552 5933 6.33 
0.745 25.1 22.9 24.0 997.2 4.00 15.2 1357.2 9.16E-04 4186.3 0.60552 5930 6.33 
0.746 25.3 23.1 24.2 997.2 4.00 15.2 1357.6 9.11E-04 4186.2 0.60583 5960 6.30 
0.745 25.2 23.1 24.2 997.2 4.00 15.2 IJ57.2 9.12E-04 4186.2 0.60575 5951 6.30 
El 
0.746 25.3 23.3 24.3 997.2 4.00 15.2 1358.3 9.09E-04 4186.2 0.60601 5979 6.28 
0.746 25.2 23.3 24.3 997.2 4.00 15.2 1358.9 9.10E-04 4186.2 0.60592 5973 6.29 
0.746 25.0 23.2 24.1 997.2 4.00 15.2 1359 9.13E-04 4186.2 0.60566 5951 6.31 
0.746 25.2 23.5 24.4 997.2 4.00 15.2 1358 9.08E-04 4186.2 0.60609 5984 6.27 
0.747 25.1 23.5 24.3 997.2 4.00 15.2 1359.6 9.09E-04 4186.2 0.60602 5986 6.28 
0.745 25.2 23.6 24.4 997.2 4.00 15.2 1356.6 9.07E-04 4186.1 0.60617 5986 6.26 
0.746 25.1 23.6 24.4 997.2 4.00 15.2 1357.6 9.07E-04 4186.2 0.60611 5985 6.27 
0.746 25.0 23.6 24.3 997.2 4.00 15.2 1358.3 9.09E-04 4186.2 0.606 5978 6.28 
0.746 25.0 23.7 24.4 997.2 4.00 15.2 1358.5 9.08E-04 4186.2 0.6061 5988 6.27 
0.746 25.3 24.0 24.7 997.1 4.00 15.2 1357.6 9.01E-04 4186.1 0.60659 6029 6.22 
0.746 25.0 23.8 24.4 997.2 4.00 15.2 1359 9.07E-04 4186.1. 0.60617 5996 6.26 
0.747 25.2 24.1 24.7 997.1 4.00 15.2 1360 9.01E-04 4186.1 0.60659 6039 6.22 
0.746 25.2 24.2 24.7 997.1 4.00 15.2 1358.9 9.00E-04 4186 0.60666 6040 6.21 
0.747 25.0 24.4 24.7 997.1 4.00 15.2 1359.3 9.00E-04 4186 0.60666 6042 6.21 
0.747 25.0 24.6 24.8 997.1 4.00 15.2 1359.8 8.97E-04 4186 0.60685 6062 6.19 
0.747 25.0 24.7 24.9 997.0 4.00 15.2 1359.7 8.96E-04 4186 0.60693 6069 6.18 
0.747 25.1 24.8 25.0 997.0 4.00 15.2 1360.3 8.94E-04 4186 0.60713 6090 6.16 
0.747 25.0 24.8 24.9 997.0 4.00 15.2 1360.3 8.96E-04 4186 0.60697 6075 6.18 
0.748 25.0 24.7 24.9 997.0 4.00 15.2 1361.8 8.96E-04 4186 0.60695 6080 6.18 
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' " 2.952 15.5 16.4 16.0 998.8 17.92 25.2 3246.3 l.l3E-03 4191.1 0.59133 51587 7.99 
2.835 15.4 16.4 15.9 998.9 17.92 25.2 3117 1.13E-03 4191.2 0.59118 49422 8.01 
2.716 15.2 16.3 15.7 998.9 17.92 25.2 2987 l.l3E-03 4191.3 0.59091 47181 8.05 
2.597 15.2 16.3 15.7 998.9 17.92 25.2 2856 1.13E-03 4191.3 0.59092 45117 8.05 
2.478 15.1 16.2 15.6 998.9 17.92 25.2 2725 l.l4E-03 4191.4 0.59071 42920 8.07 
2.356 15.0 16.2 15.6 998.9 17.92 25.2 2591 1.14E-03 4191.4 0.59066 40782 8.08 
2.236 15.0 16.2 15.6 998.9 17.92 25.2 2458.5 1.14E-03 4191.4 0.59069 38713 8.08 
2.115 15.0 16.3 15.6 998.9 17.92 25.2 2325.7 1.14E-03 4191.4 0.59073 36640 8.07 
1.993 15.0 16.3 15.7 998.9 17.92 25.2 2191.6 1.14E-03 4191.4 0.59076 34541 8.07 
1.873 15.0 16.4 15.7 998.9 17.92 25.2 2059.5 1.14E-03 4191.3 0.59088 32515 8.05 
1.753 15.2 16.6 15.9 998.9 17.92 25.2 1927.6 1.13E-03 4191.2 0.59121 30579 8.01 
1.633 15.0 16.5 15.8 998.9 17.92 25.2 1795.9 1.13E-03 4191.3 0.59096 28388 8.04 
1.511 15.1 16.7 15.9 998.9 17.92 25.2 1661.6 1.13E-03 4191.2 0.59121 26357 8.01 
1.392 15.2 16.9 16.1 998.8 17.92 25.2 1530.5 1.13E-03 4191 0.59149 24376 7.97 
1.272 15.2 17.0 16.1 998.8 17.92 25.2 1398.9 1.12E-03 4191 0.59158 22307 7.96 
E2 
1.151 15.0 17.0 16.0 998.8 17.92 25.2 1265.5 1.13E-03 4191.1 0.59135 20115 7.99 
1.031 15.2 17.2 16.2 998.8 17.92 25.2 1133.7 1.12E-03 4190.9 0.59173 18119 7.94 
0.970 15.1 17.3 16.2 998.8 17.92 25.2 1066.7 1.12E-03 4190.9 0.59169 17038 7.95 
0.911 15.2 17.3 16.2 998.8 17.92 25.2 I 001.8 1.12E-03 4190.9 0.59185 16037 7.93 
0.852 15.0 17.3 16.2 998.8 17.92 25.2 936.9 1.12E-03 4191 0.59167 14959 7.95 
0.792 15.0 17.5 16.3 998.8 17.92 25.2 870.6 1.12E-03 4190.9 0.59185 !3938 7.93 
0.733 15.0 17.5 16.3 998.8 17.92 25.2 805.5 1.12E-03 4190.9 0.59189 12903 7.92 
0.674 15.1 17.8 16.5 998.8 17.92 25.2 740.8 !.IIE-03 4190.7 0.59225 11926 7.88 
0.613 15.0 18.0 16.5 998.8 17.92 25.2 674.3 I.IIE-03 4190.7 0.59232 10866 7.87 
0.554 15.0 18.0 16.5 998.8 17.92 25.2 608.7 1.11E-03 4190.7 0.59234 9812 7.86 
0.526 15.0 18.1 16.6 998.7 17.92 25.2 578.6 1.11 E-03 4190.6 0.59243 9339 7.85 
0.497 15.2 18.3 16.8 998.7 17.92 25.2 546.1 !.IOE-03 4190.5 0.59278 8859 7.81 
0.466 15.1 18.3 16.7 998.7 17.92 25.2 512 I.IIE-03 4190.5 0.5927 8295 7.82 
0.436 15.1 18.6 16.9 998.7 17.92 25.2 479.3 I.IOE-03 4190.4 0.59295 7794 7.79 
0.406 15.2 18.7 16.9 998.7 17.92 25.2 446.7 I.IOE-03 4190.3 0.59311 7281 7.77 
0.377 15.1 18.7 16.9 998.7 17.92 25.2 414.4 1.1 OE-03 4190.3 0.59304 6747 7.78 
0.348 15.2 19.2 17.2 998.6 17.92 25.2 382.7 1.09E-03 4190.1 0.59358 6280 7.71 
0.318 15.2 19.2 17.2 998.6 17.92 25.2 349.5 1.09E-03 4190.1 0.59361 5738 7.70 
0.301 15.2 !9.3 17.3 998.6 17.92 25.2 33D.4 1.09E-03 4190.1 0.59367 5429 7.70 
0.281 15.2 19.3 17.3 998.6 17.92 25.2 308.8 1.09E-03 4190.1 0.59367 5074 7.70 
0.269 15.1 19.4 17.3 998.6 17.92 25.2 295.3 !.09E-03 4190.1 0.59368 4853 7.70 
0.252 15.1 19.4 17.3 998.6 17.92 25.2 277.5 1.09E-03 4190.1 0.59367 4560 7.70 
0.236 15.1 19.5 17.3 998.6 17.92 25.2 259.3 1.09E-03 4190 0.59378 4267 7.68 
0.218 15.1 19.4 17.2 998.6 17.92 25.2 239.2 1.09E-03 4190.1 0.59366 3929 7.70 
0.198 15.2 19.5 17.3 998.6 17.92 25.2 218.1 1.09E-03 4190 0.59384 3593 7.68 
0.180 15.0 19.0 17.0 998.7 17.92 25.2 197.4 I.IOE-03 4190.3 0.59322 3222 7.75 
0.161 15.1 17.9 16.5 998.8 17.92 25.2 176.9 1.11 E-03 4190.7 0.59229 2849 7.87 
0.143 14.7 16.7 15.7 998.9 17.92 25.2 !57 1.13E-03 4191.3 0.5909 2479 8.05 
0.123 14.8 16.5 15.6 998.9 17.92 25.2 135.3 1.14E-03 4191.4 0.59074 2133 8.07 
0.102 15.9 17.7 16.8 998.7 17.92 25.2 111.9 I.IOE-03 4190.4 0.59288 1818 7.80 
0.079 16.3 18.5 17.4 998.6 17.92 25.2 86.9 1.09E-03 4190 0.59396 1434 7.66 
0.054 15.1 18.4 16.7 998.7 17.92 25.2 59.2 1.1 OE-03 4190.5 0.59276 961 7.81 
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0.493 25.2 20.9 23.1 997.5 3.10 12.4 1100 9.38£-04 4186.6 0.60388 3653 6.51 
0.493 25.0 20.8 22.9 997.5 3.10 12.4 1099.2 9.42E-04 4186.7 0.60358 3634 6.54 
0.494 25.3 21.0 23.1 997.5 3.10 12.4 1102.4 9.36E-04 4186.6 0.60403 3669 6.49 
0.494 25.0 20.8 22.9 997.5 3.10 12.4 1101.5 9.42E-04 4186.7 0.60364 3645 6.53 
0.494 25.0 20.8 22.9 997.5 3.10 12.4 1100.6 9.42£-04 4186.7 0.60361 3640 6.53 
0.494 25.0 21.0 23.0 997.5 3.10 12.4 1100.8 9.40£-04 4186.7 0.60377 3649 6.52 
0.494 25.3 21.1 23.2 997.4 3.10 12.4 1100.7 9.35£-04 4186.6 0.60413 3669 6.48 
0.495 25.2 21.1 23.2 997.4 3.10 12.4 1103.1 9.35£-04 4186.6 0.60408 3674 6.48 
0.494 25.2 21.1 23.2 997.4 3.10 12.4 1100.6 9.36£-04 4186.6 0.60405 3664 6.49 
0.493 25.1 21.2 23.1 997.5 3.10 12.4 1100.3 9.36£-04 4186.6 0.60402 3662 6.49 
0.495 25.1 21.3 23.2 997.4 3.10 12.4 1104.9 9.35£-04 4186.6 0.60413 3683 6.48 
0.494 25.2 21.4 23.3 997.4 3.10 12.4 1102.6 9.32£-04 4186.5 0.60431 3685 6.46 
0.494 25.1 21.4 23.2 997.4 3.10 12.4 1101.5 9.34£-04 4186.6 0.60418 3675 6.47 
0.494 25.0 21.5 23.2 997.4 3.10 12.4 1101.8 9.34£-04 4186.6 0.60419 3676 6.47 
0.495 25.2 21.6 23.4 997.4 3.10 12.4 1103.4 9.30£-04 4186.5 0.6045 3699 6.44 
0.495 25.2 21.8 23.5 997.4 3.10 12.4 1102.7 9.28E-04 4186.5 0.60465 3704 6.42 
0.495 25.2 21.9 23.6 997.4 3.10 12.4 1103.1 9.26E-04 4186.4 0.60473 3710 6.41 
0.494 25.2 22.0 23.6 997.3 3.10 12.4 1102.5 9.25£-04 4186.4 0.60482 3713 6.40 
0.495 25.3 22.3 23.8 997.3 3.10 12.4 1102.8 9.20£-04 4186.4 0.60516 3733 6.37 
0.496 25.1 22.2 23.6 997.3 3.10 12.4 1106 9.25£-04 4186.4 0.60486 3727 6.40 
0.494 25.1 22.3 23.7 997.3 3.10 12.4 1102.5 9.23£-04 4186.4 0.60501 3724 6.38 
0.495 25.2 22.5 23.8 997.3 3.10 12.4 1102.6 9.19£-04 4186.3 0.60523 3737 6.36 
0.495 25.1 22.6 23.9 997.3 3.10 12.4 1103.6 9.19£-04 4186.3 0.60524 3741 6.36 
0.496 25.2 22.5 23.9 997.3 3.10 12.4 1105 9.19£-04 4186.3 0.60524 3745 6.36 
0.495 25.1 22.6 23.9 997.3 3.10 12.4 1104.3 9.19£-04 4186.3 0.60524 3743 6.36 
0.496 25.1 22.8 24.0 997.3 3.10 12.4 1105.1 9.17£-04 4186.3 0.60543 3756 6.34 
0.496 25.2 22.8 24.0 997.3 3.10 12.4 1106.3 9.16£-04 4186.3 0.60548 3764 6.33 
0.498 25.4 24.2 24.8 997.1 3.10 12.4 1109.8 8.98£-04 4186 0.60682 3852 6.19 
0.498 25.0 23.6 24.3 997.2 3.10 12.4 1110 9.10£-04 4186.2 0.60595 3803 6.28 
0.498 25.3 24.3 24.8 997.1 3.10 12.4 1109.2 8.98£-04 4186 0.60678 3848 6.20 
0.499 25.3 24.0 24.7 997.1 3.10 12.4 1113.3 9.01E-04 4186.1 0.6066 3852 6.22 
E4 
Cold Side (Tube) 
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2.904 20.2 20.6 20.4 998.0 9.45 18.8 4292.5 l.OOE-03 4187.9 0.59933 40384 7.02 
2.804 20.1 20.5 20.3 998.1 9.45 18.8 4145.2 l.O IE-03 4188 0.59913 38878 7.04 
2.709 20.3 20.8 20.5 998.0 9.45 18.8 4004.7 l.OOE-03 4187.9 0.59951 37773 7.00 
2.607 20.1 20.6 20.3 998.1 9.45 18.8 3853.6 l.OIE-03 4188 0.5992 36183 7.03 
2.504 20.0 20.5 20.3 998.1 9.45 18.8 3702 l.O I E-03 4188 0.59906 34690 7.05 
2.396 20.2 20.7 20.5 998.0 9.45 18.8 3542.1 l.OOE-03 4187.9 0.59941 33362 7.01 
2.289 20.3 20.9 20.6 998.0 9.45 18.8 3383.2 l.OOE-03 4187.9 0.59962 31964 6.98 
2.181 20.3 20.9 20.6 998.0 9.45 18.8 3224.6 l.OOE-03 4187.9 0.59962 30466 6.98 
2.070 20.2 20.9 20.5 998.0 9.45 18.8 3060.1 l.OOE-03 4187.9 0.59955 28880 6.99 
1.964 20.2 21.0 20.6 998.0 9.45 18.8 2902.9 l.OOE-03 4187.9 0.59959 27415 6.99 
1.854 20.3 21.1 20.7 998.0 9.45 18.8 2741.2 9.97E-04 4187.8 0.59983 25980 6.96 
1.748 20.3 21.2 20.8 998.0 9.45 18.8 2583.4 9.95E-04 4187.8 0.59993 24522 6.95 
1.638 20.3 21.3 20.8 998.0 9.45 18.8 2420.8 9.95E-04 4187.8 0.59994 22979 6.95 
1.528 20.3 21.4 20.8 998.0 9.45 18.8 2258.4 9.94E-04 4187.7 0.60003 21469 6.94 
1.420 20.2 21.5 20.9 997.9 9.45 18.8 2098.5 9.92E-04 4187.7 0.60013 19975 6.92 
1.311 20.3 21.7 21.0 997.9 9.45 18.8 1938.3 9.89E-04 4187.6 0.60036 18516 6.90 
1.204 20.3 21.9 2l.l 997.9 9.45 18.8 1780 9.87E-04 4187.6 0.60049 17037 6.88 
1.096 20.2 22.0 2l.l 997.9 9.45 18.8 1619.8 9.86E-04 4187.6 0.60057 15521 6.87 
0.990 20.3 22.4 21.4 997.8 9.45 18.8 1462.7 9.80E-04 4187.4 0.60096 14097 6.83 
0.935 20.2 22.3 21.3 997.9 9.45 18.8 1381.7 9.82E-04 4187.5 0.6008 13285 6.85 
0.882 20.3 22.5 21.4 997.8 9.45 18.8 1304 9.79E-04 4187.4 0.60102 12578 6.82 
0.829 20.3 22.7 21.5 997.8 9.45 18.8 1225.8 9.76E-04 4187.4 0.60121 11858 6.80 
0.776 20.3 22.8 21.6 997.8 9.45 18.8 1147.1 9.75E-04 4187.3 0.60131 11114 6.79 
0.723 20.3 22.8 21.6 997.8 9.45 18.8 1068.7 9.75E-04 4187.3 0.60132 10355 6.79 
0.670 20.3 23.0 21.6 997.8 9.45 18.8 990.6 9.74E-04 4187.3 0.60142 9612 6.78 
0.618 20.3 23.2 21.8 997.8 9.45 18.8 913.9 9.70E-04 4187.2 0.60165 8900 6.75 
0.565 20.3 23.3 21.8 997.7 9.45 18.8 835.2 9.68E-04 4187.2 0.60177 8147 6.74 
0.462 20.3 23.6 22.0 997.7 9.45 18.8 683.1 9.65E-04 4187.1 0.602 6686 6.71 
0.411 20.4 24.1 22.3 997.6 9.45 18.8 607.9 9.58E-04 4187 0.60252 5997 6.65 
0.361 20.4 24.4 22.4 997.6 9.45 18.8 533.2 9.54E-04 4186.9 0.60276 5278 6.63 
0.310 20.4 24.4 22.4 997.6 9.45 18.8 457.8 9.54E-04 4186.9 0.60276 4533 6.63 
0.257 20.8 25.0 22.9 997.5 9.45 18.8 380.2 9.42E-04 4186.7 0.60365 3814 6.53 
0.208 20.8 24.6 22.7 997.6 9.45 18.8 306.8 9.47E-04 4186.8 0.60327 3060 6.57 
0.158 21.0 25.2 23.1 997.5 9.45 18.8 234 9.38E-04 4186.6 0.60392 2357 6.50 
0.105 2l.l 25.2 23.1 997.5 9.45 18.8 154.8 9.36E-04 4186.6 0.60404 1562 6.49 
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1.450 25.1 22.8 24.0 997.3 4.00 15.2 2641.4 9.17E-04 4186.3 0.60541 11522 6.34 
IJ69 25.0 22.6 23.8 997.3 4.00 15.2 2492.3 9.20E-04 4186.3 0.60518 10834 6.37 
1.281 24.9 22.5 23.7 997.3 4.00 15.2 2333.2 9.23E-04 4186.4 0.60494 10107 6.39 
1.191 25.0 22.4 23.7 997.3 4.00 15.2 2168.2 9.23E-04 4186.4 0.60494 9392 6.39 
1.093 25.1 22.3 23.7 997.3 4.00 15.2 1989.7 9.23E-04 4186.4 0.60494 8619 6.39 
0.992 25.1 22.1 23.6 997.3 4.00 15.2 1807.3 9.25E-04 4186.4 0.60485 7818 6.40 
0.892 25.1 21.9 23.5 997.4 4.00 15.2 1625.3 9.28E-04 4186.5 0.6046 7004 6.43 
0.791 25.1 21.7 23.4 997.4 4.00 15.2 1441.5 9.31E-04 4186.5 0.60442 6195 6.45 
0.692 25.2 21.5 23.3 997.4 4.00 15.2 1260.6 9.31E-04 4186.5 0.60439 5415 6.45 
0.592 25.1 21.1 23.1 997.5 4.00 15.2 1078.5 9.38E-04 4186.6 0.60392 4601 6.50 
0.490 25.0 20.9 22.9 997.5 4.00 15.2 892.7 9.41E-04 4186.7 0.6037 3795 6.52 
0.388 25.2 20.5 22.8 997.5 4.00 15.2 707.6 9.44E-04 4186.7 0.6035 2999 6.55 
0.339 25.2 20.2 22.7 997.5 4.00 15.2 617.2 9.46E-04 4186.8 0.6033 2608 6.57 
0.313 25.2 20.2 22.7 997.6 4.00 15.2 570 9.48E-04 4186.8 0.60322 2406 6.58 
0.288 25.0 19.9 22.5 997.6 4.00 15.2 523.8 9.53E-04 4186.9 0.60285 2199 6.62 
0.263 25.3 19.8 22.5 997.6 4.00 15.2 478.4 9.52E-04 4186.9 0.60294 2011 6.61 
0.237 25.4 19.7 22.6 997.6 4.00 15.2 431J 9.50E-04 4186.9 0.60302 1815 6.60 
0.211 25.5 19.2 22.3 997.6 4.00 15.2 384.7 9.56E-04 4187 0.60266 1610 6.64 
0.119 26.0 17.1 21.5 997.8 4.00 15.2 216.5 9.76E-04 4187.4 0.60122 887 6.80 
0.108 26.0 16.8 21.4 997.8 4.00 15.2 197.1 9.80E-04 4187.4 0.60096 804 6.83 
0.138 26.1 18.0 22.0 997.7 4.00 15.2 251.7 9.63E-04 4187.1 0.60213 1045 6.70 
0.158 26.0 18.4 22.2 997.7 4.00 15.2 288.2 9.59E-04 4187 0.60239 1201 6.67 
0.178 26.0 19.0 22.5 997.6 4.00 15.2 324.6 9.52E-04 4186.9 0.6029 1364 6.61 
0.198 26.0 19.5 22.7 997.5 4.00 15.2 361 9.46E-04 4186.8 0.60333 1526 6.56 
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1.453 15.0 17.2 16.1 998.8 17.92 25.2 1597.5 1.!2E-03 4191 0.59161 25486 7.96 
1.454 15.1 17.2 16.2 998.8 17.92 25.2 1599 1.12E-03 4190.9 0.59172 25549 7.94 
1.454 15.1 17.1 16.1 998.8 17.92 25.2 1598.7 1.!2E-03 4191 0.5916 25501 7.96 
1.453 15.0 17.0 16.0 998.8 17.92 25.2 1597.8 1.13E-03 4191.! 0.59142 25419 7.98 
1.453 15.1 17.0 16.1 998.8 17.92 25.2 1598.2 1.!2E-03 4191 0.59151 25460 7.97 
1.453 15.2 17.0 16.1 998.8 17.92 25.2 1598 1.128-03 4191 0.59159 25485 7.96 
1.452 14.9 16.7 15.8 998.9 17.92 25.2 1596.7 l.IJE-03 4191.2 0.59104 25268 8.03 
1.453 15.0 16.6 15.8 998.9 17.92 25.2 1598.2 1.13E-03 4191.2 0.59106 25297 8.03 
1.453 15.1 16.6 15.9 998.9 17.92 25.2 1597.7 l.IJE-03 4191.2 0.59114 25319 8.02 
1.453 15.1 16.4 15.8 998.9 17.92 25.2 1597.6 l.IJE-03 4191.3 0.59096 25252 8.04 
1.453 15.0 16.3 15.7 998.9 17.92 25.2 1598.3 1.14E-03 4191.4 0.59077 25198 8.06 
1.451 14.9 16.1 15.5 998.9 17.92 25.2 1596 1.14E-03 4191.5 0.59049 25060 8.10 
1.452 14.9 16.0 15.4 998.9 17.92 25.2 1596.3 1.!4E-03 4191.6 0.59034 25012 8.12 
1.452 14.9 15.9 15.4 998.9 17.92 25.2 1597 1.!4E-03 4191.6 0.5903 25009 8.13 
1.453 14.9 15.9 15.4 998.9 17.92 25.2 1597.9 1.! 5E-03 4191.6 0.59025 25005 8.13 
1.452 15.0 15.9 15.4 998.9 17.92 25.2 1596.4 1.!4E-03 4191.6 0.59036 25020 8.12 
1.453 15.0 15.9 15.4 998.9 17.92 25.2 1597.6 1.14E-03 4191.6 0.59036 25038 8.12 
1.452 15.0 15.8 15.4 998.9 17.92 25.2 1596.9 1.14E-03 4191.6 0.5903 25005 8.13 
1.450 15.0 15.6 15.3 998.9 17.92 25.2 1594.9 1.! 5E-03 4191.7 0.59011 24908 8.15 
1.449 15.0 15.6 15.3 998.9 17.92 25.2 1593.8 1.! 5E-03 4191.7 0.59008 24881 8.15 
1.449 15.0 15.7 15.4 998.9 17.92 25.2 1593.7 1.15E-03 4191.6 0.59022 24929 8.14 
1.449 15.0 15.7 15.4 998.9 17.92 25.2 1593.7 1.15E-03 4191.6 0.59024 24936 8.13 
1.449 15.0 15.8 15.4 998.9 17.92 25.2 1593.7 1.14E-03 4191.6 0.59031 24962 8.12 
1.449 15.0 15.9 15.5 998.9 17.92 25.2 1593.7 1.14E-03 4191.5 0.59041 24994 8.11 
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1.421 25.1 22.4 23.8 997.3 4.00 15.2 2587.2 9.21 E-04 4186.4 0.60509 11231 6.38 
1.362 25.0 22.2 23.6 997.3 4.00 15.2 2479.9 9.25E-04 4186.4 0.60485 10727 6.40 
1.299 25.2 22.3 23.7 997.3 4.00 15.2 2365.5 9.22E-04 4186.4 0.60502 10259 6.38 
1.233 25.2 22.1 23.6 997.3 4.00 15.2 2245.9 9.24E-04 4186.4 0.60489 9720 6.40 
1.163 25.1 21.9 23.5 997.4 4.00 15.2 2118.7 9.28E-04 4186.5 0.60464 9135 6.42 
1.090 25.1 21.8 23.5 997.4 4.00 15.2 1984.7 9.29E-04 4186.5 0.60456 8548 6.43 
1.017 25.2 21.7 23.5 997.4 4.00 15.2 1852.8 9.29E-04 4186.5 0.60456 7980 6.43 
0.944 25.2 21.4 23.3 997.4 4.00 15.2 1719.7 9.32E-04 4186.5 0.60434 7382 6.46 
0.870 25.2 21.2 23.2 997.4 4.00 15.2 1584.9 9.34E-04 4186.6 0.60416 6785 6.47 
0.798 25.2 21.0 23.1 997.5 4.00 15.2 1452.8 9.37E-04 4186.6 0.60396 6201 6.50 
0.724 25.2 20.8 23.0 997.5 4.00 15.2 1319.1 9.40E-04 4186.7 0.60377 5614 6.52 
0.651 25.2 20.4 22.8 997.5 4.00 15.2 1185 9.44E-04 4186.7 0.6035 5023 6.55 
0.577 25.3 20.2 22.8 997.5 4.00 15.2 1051.4 9.46E-04 4186.8 0.60337 4448 6.56 
0.503 25.4 19.8 22.6 997.6 4.00 15.2 915.8 9.50E-04 4186.9 0.60307 3857 6.59 
0.429 25.2 19.3 22.3 997.6 4.00 15.2 781.7 9.57E-04 4187 0.60253 3266 6.65 
0.355 25.4 18.8 22.1 997.7 4.00 15.2 646.9 9.62E-04 4187.1 0.60223 2691 6.69 
0.331 25.4 18.6 22.0 997.7 4.00 15.2 603 9.64E-04 4187.1 0.60209 2503 6.70 
0.306 25.3 18.3 21.8 997.7 4.00 15.2 557.5 9.68E-04 4187.2 0.60177 2303 6.74 
0.281 25.5 18.0 21.8 997.8 4.00 15.2 512 9.70E-04 4187.2 0.60166 2111 6.75 
0.256 25.1 17.7 21.4 997.8 4.00 15.2 466.2 9.79E-04 4187.4 0.60107 1906 6.82 
0.231 25.3 17.3 21.3 997.9 4.00 15.2 421.3 9.82E-04 4187.5 0.60084 1716 6.84 
0.219 25.4 17.2 21.3 997.9 4.00 15.2 398.8 9.82E-04 4187.5 0.60086 1625 6.84 
0.206 25.2 16.8 21.0 997.9 4.00 15.2 376.1 9.89E-04 4187.6 0.60034 1521 6.90 
0.195 25.1 16.7 20.9 997.9 4.00 15.2 355.1 9.91E-04 4187.7 0.60019 1433 6.92 
0.182 25.3 16.6 20.9 997.9 4.00 15.2 332 9.91E-04 4187.7 0.60021 1340 6.92 
0.171 25.3 16.4 20.8 998.0 4.00 15.2 310.9 9.94E-04 4187.7 0.60003 1252 6.94 
0.158 25.5 16.0 20.8 998.0 4.00 15.2 288.2 9.95E-04 4187.8 0.59995 1159 6.94 
0.136 25.7 15.8 20.7 998.0 4.00 15.2 248 9.96E-04 4187.8 0.59987 996 6.95 
0.100 25.8 15.4 20.6 998.0 4.00 15.2 182.2 LOOE-03 4187.9 0.5996 729 6.98 
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"' 1.123 15.0 18.5 16.8 998.7 17.82 25.2 1248.7 l.IOE-03 4190.5 0.59277 20141 7.81 
1.122 15.1 18.4 16.7 998.7 17.82 25.2 1247.4 1.11 E-03 4190.5 0.59274 20111 7.81 
1.123 15.2 18.5 16.9 998.7 17.82 25.2 1248.5 l.IOE-03 4190.4 0.59296 20191 7.79 
1.122 15.1 18.3 16.7 998.7 17.82 25.2 1247.8 1.11 E-03 4190.5 0.59266 20094 7.82 
1.123 15.1 18.3 16.7 998.7 17.82 25.2 1248.2 1.11 E-03 4190.5 0.5926 20084 7.83 
1.122 15.1 18.3 16.7 998.7 17.82 25.2 1247.6 1.11E-03 4190.5 0.59263 20083 7.83 
1.123 15.2 18.3 16.7 998.7 17.82 25.2 1248.7 1.11E-03 4190.5 0.59268 20114 7.82 
1.123 15.0 18.1 16.5 998.8 17.82 25.2 1248.2 1.11E-03 4190.6 0.59236 20014 7.86 
1.122 15.2 18.1 16.6 998.7 17.82 25.2 1247.7 1.11E-03 4190.6 0.59252 20055 7.84 
1.123 15.0 17.9 16.5 998.8 17.82 25.2 1248.8 1.11E-03 4190.7 0.59223 19987 7.88 
1.122 15.1 17.9 16.5 998.8 17.82 25.2 1247.6 1.11E-03 4190.7 0.59224 19972 7.88 
1.122 15.0 17.7 16.3 998.8 17.82 25.2 1247.6 1.12E-03 4190.8 0.59198 19897 7.91 
1.121 15.1 17.6 16.4 998.8 17.82 25.2 1246.7 1.12E-03 4190.8 0.59205 19904 7.90 
1.122 15.1 17.5 16.3 998.8 17.82 25.2 1247.3 1.12E-03 4190.8 0.59193 19876 7.92 
1.122 15.1 17.3 16.2 998.8 17.82 25.2 1247.2 1.12E-03 4190.9 0.59176 19829 7.94 
1.121 15.0 17.0 16.0 998.8 17.82 25.2 1246.9 1.13E-03 4191.1 0.59143 19729 7.98 
1.121 15.1 17.0 16.0 998.8 17.82 25.2 1246.4 1.13E-03 4191.1 0.59144 19727 7.98 
1.120 15.0 16.9 15.9 998.8 17.82 25.2 1245.7 1.13E-03 4191.1 0.59129 19671 8.00 
1.121 14.9 16.8 15.8 998.9 17.82 25.2 1247 1.13E-03 4191.2 0.5911 19640 8.02 
1.120 15.0 16.8 15.9 998.9 17.82 25.2 1245.8 1.13E-03 4191.2 0.59117 19640 8.01 
1.121 15.0 16.6 15.8 998.9 17.82 25.2 1246.4 1.13E-03 4191.2 0.59105 19617 8.03 
1.120 15.0 16.7 15.8 998.9 17.82 25.2 1245 1.1 3E-03 4191.2 0.59108 19602 8.03 
1.120 15.0 16.5 15.7 998.9 17.82 25.2 1246.1 1.13E-03 4191.3 0.5909 19569 8.05 
1.121 15.0 16.5 15.7 998.9 17.82 25.2 1246.2 1.13E-03 4191.3 0.5909 19571 8.05 
1.119 15.0 16.5 15.7 998.9 17.82 25.2 1244.9 1.13E-03 4191.3 0.5909 19551 8.05 
1.120 15.0 16.4 15.7 998.9 17.82 25.2 1245.2 1.14E-03 4191.3 0.59085 19541 8.06 
1.121 14.9 16.3 15.6 998.9 17.82 25.2 1246.3 1.14E-03 4191.4 0.59063 19499 8.08 
1.118 15.0 16.2 15.6 998.9 17.82 25.2 1243.1 1.14E-03 4191.4 0.59068 19462 8.08 
1.120 15.1 16.0 15.6 998.9 17.82 25.2 1245.7 1.14E-03 4191.5 0.59059 19479 8.09 
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0.636 25.0 20.8 22.9 997.5 4.00 15.2 1159.1 9.41E-04 4186.7 0.60365 4924 6.53 
0.604 25.0 20.8 22.9 997.5 4.00 15.2 1099.8 9.42E-04 4186.7 0.60359 4668 6.54 
0.574 25.3 20.9 23.1 997.5 4.00 15.2 1045.3 9.38E-04 4186.6 0.60392 4459 6.50 
0.542 25.2 20.8 23.0 997.5 4.00 15.2 987 9.40E-04 4186.7 0.60375 4200 6.52 
0.510 25.2 20.7 22.9 997.5 4.00 15.2 929.3 9.41 E-04 4186.7 0.60366 3949 6.53 
0.480 25.1 20.5 22.8 997.5 4.00 15.2 873.9 9.45E-04 4186.8 0.60343 3701 6.55 
0.447 25.0 20.4 22.7 997.6 4.00 15.2 814.5 9.47E-04 41868 0.60325 3440 6.57 
0.416 25.2 20.4 22.8 997.5 4.00 15.2 757.7 9.45E-04 41868 0.60341 3207 6.56 
0.383 25.3 20.3 22.8 997.5 4.00 15.2 698.1 9.46E-04 4186.8 0.60337 2953 6.56 
0.353 252 20.2 22.7 997.6 4.00 15.2 642.6 9.47E-04 4186.8 0.60324 2713 6.58 
0.320 25.1 20.1 22.6 997.6 4.00 15.2 583.2 9.49E-04 4186.8 0.60311 2458 6.59 
0.289 25.1 20.2 22.7 997.6 4.00 15.2 526.3 9.48E-04 4186.8 0.60321 2221 6.58 
0.259 25.1 20.0 22.6 997.6 4.00 15.2 471.8 9.50E-04 4186 9 0.60308 1987 6.59 
0.244 25.1 20.1 22.6 997.6 4.00 15.2 444.6 9.49E-04 4186.8 0.60314 1874 6.59 
0.227 25.1 20.1 22.6 997.6 4.00 15.2 414.3 9.49E-04 4186.8 0.60311 1746 6.59 
0.212 25.1 20.1 22.6 997.6 4.00 15.2 386.3 9.49E-04 4186.8 0.60315 1629 6.58 
0.197 25.1 20.1 22.6 997.6 4.00 15.2 358.3 9.49E-04 4186.8 0.60314 1511 6.59 
0.182 25.1 20.0 22.6 997.6 4.00 15.2 331.4 9.50E-04 4186.8 0.60308 1396 6.59 
0.167 25.1 20.1 22.6 997.6 4.00 15.2 304 9.49E-04 4186.8 0.60314 1282 6.59 
0.152 25.1 20.1 22.6 997.6 4.00 15.2 276.3 9.48E-04 4186.8 0.60317 1165 6.58 
0.136 25.1 20.1 22.6 997.6 4.00 15.2 247.1 9.49E-04 4186.8 0.60314 1042 6.59 
0.123 25.1 19.9 22.5 997.6 4.00 15.2 223.2 9.51E-04 4186.9 0.603 939 6.60 
0.106 25.1 20.1 22.6 997.6 4.00 15.2 193.9 9.49E-04 4186.8 0.60314 817 6.59 
0.093 25.1 19.5 22.3 997.6 4.00 15.2 169.9 9.56E-04 4187 0.60261 711 6.64 
0.078 25.1 19.6 22.4 997.6 4.00 15.2 142.3 9.55E-04 4186.9 0.60272 596 6.63 
ElO 
Cold Side (Tube) 
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1.255 20.0 22.4 21.2 997.9 17.92 25.2 1379.2 9.84E-04 4187.5 0.60068 25112 6.86 
1.255 20.0 22.3 21.2 997.9 17.92 25.2 1379.1 9.85E-04 4187.5 0.6006 25080 6.87 
1.255 20.2 22.4 21.3 997.9 17.92 25.2 1379.2 9.82E-04 4187.5 0.60085 25175 6.84 
1.256 20.1 22.3 21.2 997.9 17.92 25.2 1379.5 9.84E-04 4187.5 0.60068 25115 6.86 
1.255 20.1 22.2 21.2 997.9 17.92 25.2 1378.3 9.85E-04 4187.5 0.6006 25066 6.87 
1.254 20.0 22.0 21.0 997.9 17.92 25.2 1378 9.89E-04 4187.6 0.60034 24962 6.90 
1.255 20.0 21.8 20.9 997.9 17.92 25.2 1379.3 9.92E-04 4187.7 0.60014 24912 6.92 
1.256 20.1 21.8 20.9 997.9 17.92 25.2 1379.4 9.92E-04 4187.7 0.60016 24923 6.92 
1.254 20.0 21.7 20.8 998.0 17.92 25.2 1377.9 9.94E-04 4187.7 0.60003 24848 6.94 
1.254 20.0 21.3 20.7 998.0 17.92 25.2 1377.9 9.98E-04 4187.8 0.59976 24750 6:97 
1.254 20.0 21.2 20.6 998.0 17.92 25.2 1377.8 I.OOE-03 4187.9 0.59959 24686 6.99 
1.254 20.1 21.3 20.7 998.0 17.92 25.2 1377.8 9.97E-04 4187.8 0.59981 24766 6.96 
1.254 20.0 20.9 20.5 998.0 17.92 25.2 1377.8 I.OOE-03 4187.9 0.5994 24615 7.01 
1.254 20.1 21.1 20.6 998.0 17.92 25.2 1378.2 I.OOE-03 4187.9 0.59963 24707 6.98 
1.254 20.0 21.0 20.5 998.0 17.92 25.2 1377.6 I.OOE-03 4187.9 0.59952 24656 6.99 
1.254 20.1 21.0 20.6 998.0 17.92 25.2 1378 I.OOE-03 4187.9 0.59957 24679 6.99 
1.254 20.1 20.9 20.5 998.0 17.92 25.2 1378.2 I.OOE-03 4187.9 0.59945 24641 7.00 
1.254 20.0 20.9 20.4 998.0 17.92 25.2 1377.6 I.OOE-03 4187.9 0.59937 24601 7.01 
1.253 20.1 20.9 20.5 998.0 17.92 25.2 1376.4 I.OOE-03 4187.9 0.59946 24613 7.00 
1.254 20.1 20.9 20.5 998.0 17.92 25.2 1378 I.OOE-03 4187.9 0.59949 24652 7.00 
1.252 20.1 20.9 20.5 998.0 17.92 25.2 1376.1 I.OOE-03 4187.9 0.59946 24608 7.00 
1.253 19.9 20.6 20.3 998.1 17.92 25.2 1376.3 1.01E-03 4188 0.59908 24472 7.05 
1.253 20.1 20.7 20.4 998.0 17.92 25.2 1377 l.OOE-03 4188 0.59931 24569 7.02 
1.253 20.1 20.6 20.4 998.1 17.92 25.2 1376.3 1.0 I E-03 4188 0.5992 24515 7.03 
1.253 20.0 20.4 20.2 998.1 17.92 25.2 1376.3 I.OIE-03 4188.1 0.59896 24428 7.06 
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APPENDIXF 
CONDENSATION (OVERALL AVERAGE) TEST DATA 
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Compressor Condenser Cooling Water 
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I 300 248.3 71.1 67.2 5.2 60.9 239.5 1.6 70.5 42.9 0.9 30.4 32.6 
2 300 248.3 71.1 67.4 5.3 61.0 239.5 0.7 70.5 42.9 0.9 30.4 32.6 
3 300 248.4 71.1 67.5 5.3 61.1 239.4 0.6 70.5 42.9 0.9 30.4 32.6 
4 300 248.6 71.1 67.8 5.3 61.1 240.6 2.2 70.5 42.9 0.9 30.4 32.6 
5 200 261.3 81.4 67.5 15.5 57.8 253.5 2.1 80.5 44.1 0.9 30.1 32.4 
6 200 261.4 81.4 67.2 15.6 57.8 253.7 2.2 80.5 44.1 0.9 30.1 32.4 
7 200 261.4 81.4 67.2 15.6 57.9 253.7 2.2 80.5 44.1 0.9 30.1 32.4 
8 200 261.4 81.4 67.4 15.6 58.0 253.3 2.0 80.5 44.0 0.9 30.1 32.4 
9 650 217.8 63.8 67.5 4.2 65.1 211.2 4.3 62.2 38.4 0.9 29.2 31.2 
10 650 217.8 63.8 67.5 4.3 65.1 211.2 4.2 62.2 38.4 0.9 29.2 31.2 
II 650 217.6 63.8 67.5 4.3 65.1 210.8 3.8 62.3 38.4 0.9 29.2 31.2 
12 650 217.8 63.8 67.6 4.3 65.1 210.8 4.0 62.3 38.4 0.9 29.2 31.2 
13 650 202.0 61.8 67.5 6.5 64.1 194.6 3.8 59.9 35.3 0.9 25.0 27.1 
14 650 201.9 61.8 67.5 6.6 64.2 194.9 3.7 59.9 35.3 0.9 25.0 27.1 
15 650 202.2 61.8 67.4 6.6 64.2 194.9 3.8 59.9 35.3 0.9 25.0 27.1 
16 650 202.2 61.8 67.5 6.6 64.1 194.9 3.9 59.9 35.3 0.9 25.0 27.1 
17 650 185.7 60.1 67.6 8.6 63.5 178.2 3.6 58.0 31.9 0.9 20.0 22.3 
18 650 185.8 60.1 67.6 8.6 63.5 178.0 2.8 58.0 31.9 0.9 20.0 22.3 
19 650 185.9 60.1 67.5 8.6 63.5 178.4 3.2 58.0 31.9 0.9 20.0 22.3 
20 650 186.1 60.1 67.6 8.6 63.5 178.4 3.4 58.0 31.9 0.9 20.0 22.3 
21 300 251.7 71.8 71.1 7.7 63.2 242.3 0.8 70.7 43.5 0.9 30.4 32.6 
22 300 252.0 71.8 71.1 7.7 63.3 242.7 1.3 70.7 43.4 0.9 30.4 32.6 
23 300 252.5 71.8 70.0 7.5 63.2 243.7 2.5 70.7 43.4 0.9 30.4 32.6 
24 300 252.5 71.9 70.2 7.4 63.2 243.7 2.1 70.8 43.4 0.9 30.4 32.6 
Fl 
25 200 264.2 81.8 70.0 18.5 58.7 255.8 2.1 81.1 44.3 0.9 30.2 32.5 
26 200 264.2 81.8 70.0 18.6 58.8 255.8 1.5 81.1 44.3 0.9 30.2 32.5 
27 200 264.6 81.9 70.1 18.6 59.0 256.5 2.2 81.1 44.4 0.9 30.2 32.5 
28 200 264.6 81.9 70.1 18.7 59.1 256.5 2.3 81.1 44.4 0.9 30.2 32.5 
29 650 222.5 64.9 70.2 7.0 66.6 214.7 3.5 63.4 39.2 0.9 29.6 31.6 
30 650 222.5 64.9 70.2 7.0 66.7 215.1 3.9 63.4 39.2 0.9 29.7 31.7 
31 650 222.3 64.9 70.2 7.0 66.7 215.1 4.1 63.5 39.2 0.9 29.6 31.7 
32 650 222.2 64.9 70.1 7.0 66.6 214.7 3.3 63.5 39.1 0.9 29.6 31.7 
33 650 205.4 62.9 70.2 9.2 65.4 198.4 3.9 61.2 35.9 0.9 25.0 27.2 
34 650 205.4 62.9 70.2 9.2 65.5 197.5 3.0 61.1 35.8 0.9 25.0 27.2 
35 650 205.2 62.9 70.3 9.2 65.5 197.3 3.1 61.1 35.8 0.9 25.1 27.2 
36 650 205.3 62.9 70.3 9.2 65.4 197.5 3.4 61.1 35.8 0.9 25.1 27.2 
37 650 188.7 60.8 70.2 10.7 65.1 181.3 3.1 58.9 32.5 0.9 20.1 22.5 
38 650 189.0 60.8 70.3 10.7 65.1 181.3 3.0 58.9 32.5 0.9 20.1 22.5 
39 650 189.5 60.8 70.2 10.8 65.2 181.8 4.1 58.9 32.5 0.9 20.1 22.5 
40 650 189.2 60.8 70.2 10.8 65.2 181.4 3.6 58.9 32.6 0.9 20.1 22.5 
41 650 322.5 76.3 78.3 6.9 117.6 306.2 3.7 74.8 53.0 1.0 30.1 33.7 
42 650 323.1 76.3 78.3 6.9 117.5 303.9 1.4 74.7 53.0 1.0 30.1 33.7 
43 650 322.8 76.3 78.4 6.9 117.5 304.8 2.3 74.7 52.9 1.0 30.1 33.7 
44 650 322.3 76.3 78.4 6.9 117.6 305.2 3.2 74.7 52.9 1.0 30.1 33.7 
45 300 344.9 76.4 78.4 6.7 114.5 328.2 1.5 75.4 54.9 1.0 30.1 33.7 
46 300 345.4 76.5 78.4 6.8 114.6 328.9 3.2 75.5 54.8 1.0 30.1 33.7 
47 300 345.4 76.5 78.3 6.9 115.1 328.3 2.6 75.5 54.8 1.0 30.1 33.7 
48 300 345.1 76.5 78.3 6.8 115.2 329.2 3.6 75.4 54.8 1.0 30.1 33.7 
49 200 358.7 77.6 78.5 6.9 114.4 341.4 1.1 76.9 55.6 1.0 30.1 33.7 
50 200 359.6 77.7 78.4 7.0 114.4 344.3 4.0 77.0 55.6 1.0 30.1 33.7 
51 200 359.7 77.7 78.6 7.0 114.1 344.3 4.3 77.0 55.4 1.0 30.1 33.7 
52 200 359.7 77.7 78.9 7.1 114.6 342.8 2.9 77.0 55.5 1.0 30.1 33.7 
53 650 287.0 80.5 78.2 7.7 118.9 268.2 4.2 78.6 47 5 0.9 20.7 25.3 
54 650 286.6 80.5 78.4 7.7 119.0 268.2 4.9 78.6 47.4 0.9 20.7 25.3 
F2 
F.2 Turbo-C Annulus 
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I 300 266.7 71.2 66.3 5.8 62.6 262.7 0.4 66.7 47.8 2.9 35.3 35.8 
2 200 287.6 95.9 61.7 12.1 54.1 284.9 0.7 87.1 49.3 2.9 35.2 35.8 
3 500 214.4 47.3 72.9 8.2 70.7 208.0 0.9 44.1 39.3 2.9 30.3 30.9 
4 400 218.5 49.1 70.4 7.1 67.5 213.2 0.7 46.0 39.8 2.9 30.3 30.8 
5 300 229.0 54.3 68.9 6.4 65.9 224.6 0.6 50.9 41.6 2.9 30.4 31.0 
6 200 241.6 62.7 67.3 5.9 63.9 237.8 0.5 58.6 43.4 2.9 30.4 31.0 
7 100 267.1 88.8 64.1 9.8 56.8 264.3 0.8 80.6 45.1 2.9 30.4 31.1 
8 500 193.4 44.2 70.7 7.3 68.9 185.9 0.9 42.1 34.8 2.9 24.9 25.4 
9 400 196.9 46.3 68.6 6.4 66.5 190.9 0.8 43.3 35.6 2.9 24.9 25.5 
10 300 206.4 51.1 67.9 6.0 65.5 201.3 0.7 47.7 37.2 2.9 25.3 25.9 
II 200 218.2 58.3 66.6 5.6 63.7 213.7 0.6 54.3 39.0 2.9 25.5 26.1 
12 100 237.7 83.4 62.7 10.6 56.0 234.3 0.9 76.1 39.9 2.9 25.5 26.3 
13 400 250.8 60.8 67.3 6.3 65.2 245.6 0.5 57.5 46.0 2.9 35.6 36.2 
14 300 241.4 59.4 67.8 6.2 65.2 237.6 0.5 55.5 43.4 2.9 30.4 31.0 
15 200 266.4 82.4 64.0 5.3 58.9 263.7 0.9 75.5 45.2 2.9 30.4 31.1 
16 200 237.1 81.4 63.6 9.4 57.5 232.7 0.7 74.7 40.5 2.9 25.5 26.2 
17 500 222.1 49.1 72.5 8.2 70.1 215.9 0.8 46.1 40.5 2.9 30.3 30.9 
18 400 228.1 52.0 69.0 6.7 66.4 223.4 0.6 48.7 41.5 2.9 30.3 30.9 
19 300 241.0 59.2 67.6 6.2 65.0 237.2 0.5 55.5 43.4 2.9 30.4 31.0 
20 200 266.5 82.4 64.0 5.3 58.9 263.9 0.9 75.5 45.3 2.9 30.4 31.1 
21 100 240.9 100.8 37.4 15.0 35.2 240.8 0.5 85.3 38.6 2.9 30.1 30 5 
22 500 200.4 45.6 70.2 7.4 69.0 192.4 0.9 43.4 36.1 2.9 24.7 25.4 
23 400 205.2 48.7 67.9 6.4 66.2 198.8 0.7 45.6 37.0 2.9 24.8 25.5 
24 300 217.1 55.9 66.3 5.9 64.6 211.9 0.6 52.2 39.0 2.9 25.3 26.0 
25 200 237.1 81.4 63.6 9.4 57.5 232.7 0.7 74.7 40.5 2.9 25.5 26.2 
26 100 244.9 55.7 71.0 7.9 68.5 238.6 0.7 53.0 45.1 2.9 36.3 36.8 
27 500 250.8 60.8 67.3 6.3 65.2 245.6 0.5 57.5 46.0 2.9 35.6 36.2 
28 400 265.0 71.2 66.1 5.7 62.5 260.6 0.4 66.3 47.9 2.9 35.3 36.0 
29 300 285.8 97.9 60.9 12.3 53.3 282.7 0.8 89.4 49.4 2.9 35.3 36.0 
30 200 259.2 116.4 34.1 15.6 32.4 257.8 0.4 99.0 44.3 2.9 35.3 35.7 
31 100 183.1 45.5 66.5 6.3 66.1 173.9 1.2 43.4 32.5 2.9 20.7 21.4 
32 500 183.5 48.1 65.8 5.9 65.1 174.9 1.1 45.4 32.4 2.9 19.4 20.1 
F3 
33 400 196.2 56.6 64.5 5.5 63.5 188.6 0.8 52.7 34.5 2.9 20.4 21.1 
34 300 203.4 66.3 64.1 5.5 61.8 196.6 0.8 61.5 35.4 2.9 20.3 21.1 
35 200 204.4 79.8 58.7 12.4 53.7 199.3 0.5 72.6 34.6 2.9 20.3 21.0 
36 400 251.1 82.5 61.7 4.5 83.5 242.3 1.9 77.4 45.1 2.9 30.4 31.3 
37 300 260.1 87.0 61.5 4.1 81.0 252.2 1.7 81.3 46.3 2.9 30.4 31.4 
38 200 262.0 99.4 55.7 12.2 70.0 256.2 1.4 91.7 46.4 2.9 30.6 31.4 
39 100 237.9 115.8 30.7 15.1 43.5 235.7 1.0 101.0 42.6 2.9 30.2 30.9 
40 300 234.9 83.8 59.8 5.1 79.9 225.7 2.0 78.1 41.7 2.9 25.4 26.4 
41 200 234.5 97.5 52.3 12.4 68.8 227.5 1.6 90.1 41.6 2.9 25.4 26.3 
42 100 204.2 105.6 26.9 15.3 41.1 201.1 1.0 91.9 36.7 2.9 24.6 25.2 
43 400 274.6 89.4 62.3 4.8 82.7 266.0 1.7 84.0 49.1 2.9 35.6 36.4 
44 300 278.1 98.9 58.0 11.0 74.7 270.9 1.5 91.9 49.7 2.9 35.5 36.3 
45 200 273.7 110.8 47.2 13.7 61.1 268.3 1.3 101.0 49.0 2.9 35.4 36.2 
46 100 249.6 124.2 24.5 16.0 37.7 247.5 0.9 106.0 45.5 2.9 35.2 35.7 
47 500 296.1 73.1 67.9 6.0 109.6 283.3 2.5 71.9 51.8 2.9 35.1 36.3 
48 400 306.1 75.3 67.4 5.6 107.5 294.3 2.3 74.3 53.4 2.9 35.4 36.6 
49 300 318.6 78.2 67.1 5.6 106.4 307.1 2.2 77.2 55.1 2.9 35.5 36.7 
50 200 336.1 82.4 67.0 5.4 104.7 325.4 2.0 81.1 57.1 2.9 35.4 36.6 
51 500 252.8 64.4 65.7 5.1 109.8 235.4 2.7 62.7 44.1 2.9 25.5 26.8 
52 400 257.0 65.4 65.0 4.8 108.2 240.5 2.5 63.9 44.8 2.9 25.4 26.7 
53 300 265.4 67.6 65.1 4.9 107.9 249.5 2.4 66.0 46.1 2.9 25.4 26.7 
54 200 278.0 70.9 64.3 4.8 106.4 263.4 2.5 69.5 47.9 2.9 25.4 26.8 
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I 300 248.3 7!.1 67.2 5.2 60.9 239.5 1.6 70.5 42.9 0.9 30.4 32.6 
2 300 248.3 7!.1 67.4 5.3 61.0 239.5 0.7 70.5 42.9 0.9 30.4 32.6 
3 300 248.4 7!.1 67.5 5.3 6!.1 239.4 0.6 70.5 42.9 0.9 30.4 32.6 
4 300 248.6 7!.1 67.8 5.3 6!.1 240.6 2.2 70.5 42.9 0.9 30.4 32.6 
5 200 261.3 81.4 67.5 15.5 57.8 253.5 2.1 80.5 44.1 0.9 30.1 32.4 
6 200 261.4 81.4 67.2 15.6 57.8 253.7 2.2 80.5 44.1 0.9 30.1 32.4 
7 200 261.4 81.4 67.2 15.6 57.9 253.7 2.2 80.5 44.1 0.9 30.1 32.4 
8 200 261.4 81.4 67.4 15.6 58.0 253.3 2.0 80.5 44.0 0.9 30.1 32.4 
9 650 217.8 63.8 67.5 4.2 65.1 211.2 4.3 62.2 38.4 0.9 29.2 31.2 
10 650 217.8 63.8 67.5 4.3 65.1 211.2 4.2 62.2 38.4 0.9 29.2 31.2 
II 650 217.6 63.8 67.5 4.3 65.1 210.8 3.8 62.3 38.4 0.9 29.2 31.2 
12 650 217.8 63.8 67.6 4.3 65.1 210.8 4.0 62.3 38.4 0.9 29.2 31.2 
13 650 202.0 61.8 67.5 6.5 64.1 194.6 3.8' 59.9 35.3 0.9 25.0 27.1 
14 650 201.9 61.8 67.5 6.6 64.2 194.9 3.7 59.9 35.3 0.9 25.0 27.1 
15 650 202.2 6\.8 67.4 6.6 64.2 194.9 3.8 59.9 35.3 0.9 25.0 27.1 
16 650 202.2 61.8 67.5 6.6 64.1 194.9 3.9 59.9 35.3 0.9 25.0 27.1 
17 650 185.7 60.1 67.6 8.6 63.5 178.2 3.6 58.0 31.9 0.9 20.0 22.3 
18 650 185.8 60.1 67.6 8.6 63.5 178.0 2.8 58.0 31.9 0.9 20.0 22.3 
19 650 185.9 60.1 67.5 8.6 63.5 178.4 3.2 58.0 31.9 0.9 20.0 22.3 
20 650 186.1 60.1 67.6 8.6 63.5 178.4 3.4 58.0 31.9 0.9 20.0 22.3 
21 300 251.7 71.8 71.1 7.7 63.2 242.3 0.8 70.7 43.5 0.9 30.4 32.6 
22 300 252.0 71.8 71.1 7.7 63.3 242.7 1.3 70.7 43.4 0.9 30.4 32.6 
23 300 252.5 71.8 70.0 7.5 63.2 243.7 2.5 70.7 43.4 0.9 30.4 32.6 
24 300 252.5 71.9 70.2 7.4 63.2 243.7 2.1 70.8 43.4 0.9 30.4 32.6 
25 200 264.2 81.8 70.0 18.5 58.7 255.8 2.1 81.1 44.3 0.9 30.2 32.5 
26 200 264.2 81.8 70.0 18.6 58.8 255.8 1.5 8!.1 44.3 0.9 30.2 32.5 
27 200 264.6 81.9 70.1 18.6 59.0 256.5 2.2 81.1 44.4 0.9 30.2 32.5 
28 200 264.6 81.9 70.1 18.7 59.1 256.5 2.3 81.1 44.4 0.9 30.2 32.5 
29 650 222.5 64.9 70.2 7.0 66.6 214.7 3.5 63.4 39.2 0.9 29.6 31.6 
30 650 222.5 64.9 70.2 7.0 66.7 215.1 3.9 63.4 39.2 0.9 29.7 31.7 
31 650 222.3 64.9 70.2 7.0 66.7 215.1 4.1 63.5 39.2 0.9 29.6 31.7 
32 650 222.2 64.9 70.1 7.0 66.6 214.7 3.3 63.5 39.1 0.9 29.6 31.7 
FS 
33 650 205.4 62.9 70.2 9.2 65.4 198.4 3.9 61.2 35.9 0.9 25.0 27.2 
34 650 205.4 62.9 70.2 9.2 65.5 197.5 3.0 61.1 35.8 0.9 25.0 27.2 
35 650 205.2 62.9 70.3 92 65.5 197.3 3.1 61.1 35.8 0.9 25.1 27.2 
36 650 205.3 62.9 70.3 9.2 65.4 197.5 3.4 61.1 35.8 0.9 25.1 27.2 
37 650 188.7 60.8 70.2 10.7 65.1 181.3 3.1 58.9 32.5 0.9 20.1 22.5 
38 650 189.0 60.8 70.3 10.7 65.1 181.3 3.0 58.9 32.5 0.9 20.1 22.5 
39 650 189.5 60.8 70.2 10.8 65.2 181.8 4.1 58.9 32.5 0.9 20.1 22.5 
40 650 189.2 60.8 70.2 10.8 65.2 181.4 3.6 58.9 32.6 0.9 20.1 22.5 
41 650 322.5 76.3 78.3 6.9 117.6 306.2 3.7 74.8 53.0 1.0 30.1 33.7 
42 650 323.1 76.3 78.3 6.9 117.5 303.9 1.4 74.7 53.0 1.0 30.1 33.7 
43 650 322.8 76.3 78.4 6.9 117.5 304.8 2.3 74.7 52.9 1.0 30.1 33.7 
44 650 322.3 76.3 78.4 6.9 117.6 305.2 3.2 74.7 52.9 1.0 30.1 33.7 
45 300 344.9 76.4 78.4 6.7 114.5 328.2 1.5 75.4 54.9 1.0 30.1 33.7 
46 300 345.4 76.5 78.4 6.8 114.6 328.9 3.2 75.5 54.8 1.0 30.1 33.7 
47 300 345.4 76.5 78.3 6.9 115.1 328.3 2.6 75.5 54.8 1.0 30.1 33.7 
48 300 345.1 76.5 78.3 6.8 115.2 329.2 3.6 75.4 54.8 1.0 30.1 33.7 
49 200 358.7 77.6 78.5 6.9 114.4 341.4 1.1 76.9 55.6 1.0 30.1 33.7 
50 200 359.6 77.7 78.4 7.0 114.4 344.3 4.0 77.0 55.6 1.0 30.1 33.7 
51 200 359.7 77.7 78.6 7.0 114.1 344.3 4.3 77.0 55.4 1.0 30.1 33.7 
52 200 359.7 77.7 78.9 7.1 114.6 342.8 2.9 77.0 55.5 1.0 30.1 33.7 
53 650 287.0 80.5 78.2 7.7 118.9 268.2 4.2 78.6 47.5 0.9 20.7 25.3 
54 650 286.6 80.5 78.4 7.7 119.0 268.2 4.9 78.6 47.4 0.9 20.7 25.3 
F6 
APPENDIXG 
CONDENSATION (LOCAL AVERAGE) TEST DATA 
G.l Plain Annulus 
G 400 kg/m2s PULSE Tsat 40"C 
Compressor Discharge Pressure PSIG 255.61 255.91 255.31 254.01 252.59 252.07 250.81 
Compressor Discharge Temperature "c 76.15 76.62 76.72 76.38 76.71 77.26 77.24 
Compressor Suction Pressure PSIG 85.39 85.00 83.23 83.00 80.74 78.97 77.97 
Compressor Suction Temperature "c 11.36 11.23 10.66 10.53 10.66 9.60 8.88 
Ref. R-22 Mass Flow Rate kgihr 125.00 124.82 122.40 121.41 118.18 116.21 114.63 
Pre Condenser Inlet Pressure PSIG 235.81 236.72 236.98 236.37 236.76 236.98 236.99 
Pre Condenser Inlet Temp "c 70.92 71.30 71.30 71.08 71.40 72.09 72.04 
Water inlet Temp "C 40.10 40.17 40.70 40.16 40.23 40.26 40.33 
Water Outlet Temp "c 47.03 47.17 47.22 46.99 47.00 46.97 46.96 
Water FIDw Rate m·',..lu· 0.34 0.34 0.34 0.34 0.34 0_34 0.34 
Test Section Pressure Drop PSJG 0.90 0.90 0.90 0.87 0.82 0.80 0.80 
Water inlet Temp "C 29.78 32.15 34.14 36.32 37.98 39.79 42.20 
Water Outlet Temp "c 31.28 33.39 35.25 37.20 38.73 40_35 42.50 
Water FlDw Rate m'lhr 0.24 0.24 0.24 0.24 0.24 0.24 0.24 
PDst CDndense.r Outlet Temp "c 39_73 40.16 41.18 41.39 41.71 42.00 41.79 
Cooling Water Inlet Temperature "c 32.30 32.58 33.24 33.60 34.02 34.12 34.14 
Cooling Water Outlet Temperature "c 37.32 37.62 38.21 38.41 38_68 38.76 38.78 
Cooling Water Flow Rate m'ihr 1.15 1.14 I. 12 1.15 1.15 1.14 1.13 
G 400 kg/m2s PULSE Tsat 45"C 
Compressor Discharge Pressure PSIG 286.53 286.68 283.62 284.34 288.26 285.91 283.97 
Compressor Discharge Temperature "C 81.41 81.65 81.81 81.78 80.34 81.17 82.48 
Compressor Suction Pressure PS1G 94.52 94.58 91.00 91.00 99.97 95.10 90.00 
Compressor Suction Temperature "c 14.21 14.18 13.18 13.17 16.08 15.02 13.19 
Ref. R-22 Mass Flow Rate kg-'hr 133.26 133.17 129.07 129.24 139.89 134.28 127.29 
Pre Condenser Inlet Pressure PSIG 268.21 268.89 266.70 267.11 267.84 267.24 268.11 
Pre Condenser Inlet Temp "c 76.39 76.70 76.83 76.81 75.35 76.10 77.32 
Water inlet Temp "c 45.52 45.49 44.88 44.98 45.68 45.12 45.62 
Water Outlet Temp "c 53.66 53.80 53.35 53_38 53.04 52_72 52.77 
Water Flow Rate m'ihr 0.26 0.26 0.26 0.27 0.30 0.30 0.30 
Test Section Pressure Drop PSIG 0.95 0.94 0.90 0.90 1.08 0.98 0.91 
Water inlet Temp "c 34.03 36.07 37.83 39.78 42.25 44.18 46.17 
Water Outlet Temp "c 35.70 37.49 39.02 40.83 43.05 44.81 46.61 
Water FlDw Rate m'/hr 0.28 0.28 0.28 0.28 0.28 0.28 0.28 
Post Condenser Outlet Temp. "c 46.57 46.74 46.22 46.06 46.66 46.90 47.09 
Cooling Water Inlet Temperature "c 37.77 37.90 37.76 37.51 37.41 37.88 38.28 
Cooling Water Outlet Temperature "c 43.18 43.36 43.02 42.89 43.27 43.43 43.65 
Cooling Water Flow Rate m'i1u 1.09 1.08 I .09 1.07 1.05 1.07 1.05 
Gl 
G 400 kgim2s PULSE Tsat = 50°C 
Compressor Discharge Pressure PSIG 219.45 220.89 221.28 221.22 222.06 222.29 220.92 
Compressor Discharge Temperature "c 58.75 58.27 57.12 57.46 58.58 58.52 59.95 
Compressor Suction Pressure PSIG 59.00 63.00 63.19 64.00 64.94 65.00 65.48 
Compressor Suction Temperature "c 1.20 2.46 2.68 2.88 3.26 3.34 3.32 
Ref. R-22 Mass Flow Rate kg'1u 95.69 100.61 !0!.32 102.01 103.26 103.50 103.75 
Pre Condenser Inlet Pressure PSIG 209.62 208.31 208.30 208.03 208.24 208.23 207.98 
Pre Condenser Inlet Temp "c 54.75 54.12 52.97 53.30 54.31 54.20 55.70 
Water inlet Temp "c 38.59 38.31 38.42 38.35 38.12 38.60 37.97 
Water Outlet Temp "c 41.53 41.58 41.49 41.49 41.65 41.64 41.49 
Water Flow Rate m'ilu· 0.30 0.26 0.26 0.26 0.26 0.26 0.30 
Test Section Pressure Drop PSIG 0.73 0.82 0.82 0.83 0.84 0.83 0.82 
Water inlet Temp "c 36.15 34.02 32 14 29.74 28.03 26.06 24.00 
Water Outlet Temp "c 36.59 34.70 33.01 30.79 29.18 27.38 25.65 
Water Flow Rate m-',1u 0.28 0.13 0.24 0.24 0.24 0.24 0.23 
Post Condenser Outlet Temp "c 38.58 38.12 38.08 38.03 38.00 38.09 38.03 
Cooling Water Inlet Tempewture "c 32.26 31.36 31.28 31.25 31.34 3l.I7 31.55 
Cooling Water Outlet Temperature "c 36.49 36.00 35.90 35.86 35.89 35.81 35.92 
Cooling Water Flow Rate m1iJu· 0.99 0.95 0.95 0 96 0.99 0.97 1.04 
G 600 kg-'rnls PULSE Tsat 40"C 
Compressor Discharge Pressure PSIG 227.06 225.43 223.12 226.13 229.85 230.58 227.81 
Compressor Discharge Temperature "c 72.65 73.01 72.85 72.98 71.97 72.00 72.45 
Compressor Suction Pressure PSJG 75.87 74.06 72.29 73.94 81.13 82.23 78.06 
Compressor Suction Temperature "c 8.67 7.93 7.24 9.54 I 1.66 11.09 9.70 
Ref. R-22 Mass Flow Rate kg1hr 114.66 I 12.38 109.71 112.50 121.58 123.04 117.53 
Pre Condenser Jnlet Pressure PSIG 208.48 208.56 208.58 208.59 208.74 208.44 208.40 
Pre Condenser Inlet Temp "c 67.06 68.00 67.79 67.40 66.46 66.40 67.00 
Water inlet Temp "c 37.88 37.85 37.80 37.70 37.92 37.68 37.81 
Water Outlet Temp "c 42.53 42.49 42.42 42.51 42.71 42.91 42.82 
Water Flow Rate m'1hr 0.47 0.47 0.47 0.47 0.48 0.42 0.43 
Test Section Pressure Drop PSIG 1.69 1.67 1.65 \.56 1.78 1.76 1.70 
Water inlet Temp "c 29.87 3!.87 33.99 35.85 2S.l9 24.11 25.99 
Water Outlet Temp "c 30.90 32.73 34.67 36.35 2'1.31 25.45 27.22 
Water Flow Rate m-'ihr 0.54 0.54 0.54 0.54 0.58 0.66 0.66 
Post Condenser Outlet Temp "c 37.98 38.20 38.15 38.10 37.71 37.60 37.80 
Cooling Water Inlet Temperature "c 31.45 31.49 31.59 31.26 30.92 31 08 31.42 
Cooling Water Outlet Temperature "c 35.46 35.53 35.59 35.45 35.13 35.07 35.35 
Cooling Water Flow Rate m-'ihr 1.32 1.29 1.27 1.25 134 1.43 1.39 
G2 
G 600 kglm2s PULSE Tsat 45°( 
Compressor Discharge Pressure PSIG 257. ll 255.58 254.95 256.82 24'1.89 248.35 279.49 
Compressor Discharge Temperature "c 76.92 76.02 76.87 76.38 78.39 78.29 82.82 
Compressor Suction Pressure PSIG 87.97 87.00 85.42 86.00 75.06 73.84 82.00 
Compressor Suction Temperature "c 12.41 12.12 11.57 11.75 8.04 7.47 10.48 
Ref. R-22 Mass Flow Rate kgihr 127.90 126.56 125.48 126.24 110.36 108.39 117.15 
Pre Condenser Inlet Pressure PSIG 237.27 236.76 237_07 237.14 236.55 236.87 267.45 
Pre Condenser Inlet Temp "c 71.23 70.44 71.40 70.42 72 66 72.79 77.04 
Water inlet Temp "c 41.65 41.83 42.02 41.75 41.30 42.00 46.18 
Water Outlet Temp "c 46.98 46.88 46.96 46.88 46.46 46.60 51.67 
Water Flow Rate m·',hr 0.47 0.47 0.47 0.47 0.47 0.47 0.45 
Test Section Pressure O:op PSIG 0.92 0.95 1.01 1.24 0. 75 0.79 1.48 
Water inlet Temp "c 29.78 31.70 33.86 35.80 37.87 39.98 45.59 
Water Outlet Temp "c 31.21 32.99 34.97 36.75 38.58 40.52 46.10 
Water Flow Rate m'ilu· 0.65 0.65 0.65 0.65 0.70 0.70 0.79 
Post Condenser Outlet Temp "c 36.52 38.60 40.49 39.22 35.10 39.35 39.88 
Cooling Water Inlet Temperature "c 31.57 33.08 34.02 33.26 30.61 33.77 35.13 
Cooling Water Outlet Temperature "c 35.75 37.38 38.41 37.74 34.40 37.76 39.44 
Cooling Water Flow Rate m1.'hr 1.44 1.36 1.31 1.30 1.39 1.26 1.27 
G 600 kgim2s PULSE Tsat = 50"C 
Compressor Discharge Pressure PSIG 281.20 279.58 279.10 278.98 278.81 283.18 279.49 
Compressor Discharge Temperature "c 83.86 84.12 84.20 84.05 83_93 84.09 82.82 
Compressor Suction Pressure PSIG 83_94 83.00 83.00 82.00 82.00 84.00 82.00 
Compressor Suction Temperature "C 10.93 10.82 10.69 10.35 10.30 11.21 10.48 
Ref. R-22 Mass Flow Rate kglhr 118.65 117.57 117.42 116.68 116.62 119.43 117.15 
Pre Condenser Inlet Pressure PSIG 268.44 267.56 267.79 267.35 267.94 268.93 267.45 
Pre Condenser Inlet Temp "c 78.33 78.56 79.07 78.45 79.08 78.34 77 04 
Water inlet Temp "c 46.16 46.37 46.38 46.50 46.46 45.61 46.18 
Water Outlet Temp "c 51.84 51.79 51.85 51.81 51.85 51.75 51.67 
Water Flow Rate m'>lu· 0.45 0.45 0.45 0.45 0.45 0 45 0.45 
Test Section Pressure Drop PSIG 0.63 0.67 0.70 0.72 0.74 1 42 1.48 
Water inlet Temp "c 33.85 35.85 38.39 39.90 41.83 43.94 45.59 
Water Outlet Temp "c 35.23 37.13 39.48 40.89 42.66 44.59 46.10 
Water Flow Rate m':hr 0.79 0.79 0.79 0.79 0.79 0.79 0.79 
Post Condenser Outlet Temp "c 35.80 37.80 38.69 39.70 40_30 36.16 39.88 
Cooling Water Inlet Temperature "c 31.60 33.35 33.91 35.01 35.25 31.01 35.13 
Cooling Water Outlet Temperature "c 35.00 37.02 37.70 38.96 39.28 35.13 39.44 
Cooling Water Flow Rate m11hr 1.68 1.52 1.47 1.39 1.36 1.39 1.27 
G3 
G 800 kglnl2s PULSE Tsat 40°C 
Compressor Discharge Pressure PSJG 220.55 219.35 218.84 218.84 217.64 217.64 216 33 
Compressor Discharge Temperature "C 73.77 73.55 72.02 72.78 73.60 73.60 73 83 
Compressor Suction Pressure PSJG 72.30 72.00 71.69 70.43 67.87 67.87 67.08 
Compressor Suction Temperature "c 6.59 6.45 5.96 5.86 -1.82 4.82 4.87 
Ref. R-22 Mass Flow Rate kg/hr 108.66 106.64 109.50 108.66 104.62 104.62 105.15 
Pre Condenser Inlet Pressure PSIG 210.00 209.51 208.00 208.00 208.00 208.00 207.48 
Pre Condenser Inlet Temp "c 67.44 67.51 65.77 66.61 67.05 67.05 67.77 
Water inlet Temp "c 40.40 40.15 40.45 40.42 40.48 40.48 40.29 
Water Outlet Temp "c 41.55 42.05 44.62 44.67 -14.62 44.62 44.55 
Water Flow Rate m'ihr 0.76 0.42 0.16 0.16 0.16 0.16 0.16 
Test Section Pressure Drop PSIG I. 12 !.09 1.46 1.43 1.31 1.31 1.03 
Water inlet Temp "c 36.16 34.20 30.22 28.19 26.31 26.31 23.20 
Water Outlet Temp "c 36.99 35.34 32.46 30.83 29.31 29.31 27.15 
Water Flow Rate m'_,hr 0.53 0.53 0.34 0.34 0.34 0.34 0.27 
Post Condenser Outlet Temp "c 38.69 17.11 17.66 17.61 13.72 18.72 21.56 
Cooling Water Inlet Temperature "c 34.91 34.34 33.48 33.34 32.85 32.85 32.32 
Cooling Water Outlet Temperature "c 36.50 35.95 35.17 35.00 3-1.44 34.44 33.90 
Cooling Water Flow Rate m'ilu 3.14 3.50 3.40 3.44 3.44 3.44 3.43 
G 800 kgim2s PULSE Tsat 45"C 
Compressor Discharge Pressure PSIG 246.80 245.66 246.21 249.76 247.76 246.40 246.95 
Compressor Discharge Temperature "C 79.63 78.94 79.40 67.01 77.89 79.26 79.66 
Compressor Suction Pressure PSJG 73.70 73.00 73.04 81.00 77.00 72.26 72.28 
Compressor Suction Temperature "c 7.24 7.01 7.09 9.28 8 42 7.19 7.08 
Ref. R-22 Mass Flow Rate kg.!lu 109.55 107.24 109.03 120.48 114.54 108.64 108.51 
Pre Condenser Inlet Pressure PSIG 237.81 237.37 237.43 238.43 23 7 .83 237.44 238.54 
Pre Condenser Inlet Temp "C 72.61 72.05 72.34 61.49 71 37 72.18 73.34 
Water inlet Temp "c 40.35 45.51 45.45 45.65 45 45 45.42 45.52 
Water Outlet Temp "c 47.36 48.00 48.14 47.41 47.79 47.67 47.88 
Water Flow Rate m'.thr 0.31 0.30 0.30 0.34 0.34 0.34 0.34 
Test Section Pressure Drop PS!G t.l1 1.25 1.28 1.54 1.35 0.98 0.97 
Water inlet Temp "C 32.16 34.18 36.23 41.17 40.92 29.98 28.05 
Water Outlet Temp "c 35.24 37.08 38.63 42.40 42 16 33.95 32.47 
Water Flow Rate m;/hr 0.24 0.24 0.24 0.23 0.23 0.24 0.24 
Post Condenser Outlet Temp. "c 3!.32 36.01 36.83 43.20 43 00 37.40 37.30 
Cooling Water Inlet Tempera\l.lre "c 30.01 34.12 34.75 37.80 37 85 35.53 35.36 
Cooling Water Outlet Temperature "c 31.33 35.93 36.65 39.84 39.82 37.22 37.03 
Cooling WaterFlow Rate m"'.thr 4.07 2.81 2.70 2.53 2.62 3.02 J 06 
G4 
G 800 kg;im2s PULSE Tsat = 50"c 
Compressor Discharge Pressure PSIG 280.02 284.90 284.00 285.81 285.27 285.56 285.30 
Compressor Discharge Temperature "c 80.32 79.07 7922 78.80 79.33 79.26 77.51 
Compressor Suction Pressure PSIG 99.00 100.00 100.00 100.06 99.91 100.13 100.65 
Compressor Suction Temperature "c 16.59 16.52 16.52 16.61 16.43 16.28 ]6.26 
Ref. R-22 Mass Flow Rate kg/hr 140.67 142.10 142.04 142.83 142.13 142.95 144.16 
Pre Condenser Inlet Pressure PSIG 263.94 268.75 268.46 269.42 269.07 270.00 269.10 
Pre Condenser Inlet Temp "c 73.29 72.97 72.55 72.82 72.78 72.84 70.95 
Water inlet Temp "c 45.46 45.50 45.51 45.65 45.59 45.53 45.38 
Water Outlet Temp "C 50.64 51.21 51.18 51.31 51.28 52.06 51.71 
Water Flow Rate m-'/hr 0.53 0.53 0.53 0.53 0.53 0.42 0.43 
Test Section Pressure Drop PS!G 1.73 1.56 1.53 1.64 1.66 1.63 1.85 
Water inlet Temp "c 39.98 38.01 36.07 41.76 44.01 34.19 46.20 
Water Outlet Temp "C 42.44 4l.l0 39.57 43.95 45.65 38.25 47.28 
Water Flow Rate m'ihr 0.23 0.23 0.23 023 0.23 0.24 0.23 
Post Condenser Outlet Temp. "c 35.97 35.32 34.97 35.60 35.19 35.94 36.57 
Cooling Water Inlet Temperature "c 34.31 33.70 33.40 33.89 33.59 34.35 34.97 
Cooling Water Outlet Temperatm·e "c 35.99 35.22 34.92 35.54 35.29 35.90 36.78 
Cooling Water Flow Rate m''lrr 3.93 4.38 4.40 4.09 3.93 4.33 3.67 
GS 
G.2 Turbo-C Annulus 
G 400 kgtm2s PULSE Tsat40"C 
Compressor Discharge Pressure PSIG 227.06 225.43 223.12 226.\3 229.85 230.58 227.81 
Compressor Discharge Temperature "c 72.65 73.01 72.85 72.98 ~1.97 72.00 72.45 
Compressor Suction Pressure PSIG 75.87 74.06 72.29 73.94 Rl.\3 82.23 78.06 
Compressor Suction Temperature "c 8 67 7.93 7.24 9.54 11.66 11.09 9.70 
Ref. R-22 Mass Flow Rate kgtl1r 114.66 112.38 109.71 112.50 121.58 123.04 117.53 
Pre Condenser Inlet Pressure PSJG 208.48 208.56 208.58 208.59 ~08.74 208.44 208.40 
Pre Condenser Inlet Temp "c 67.06 68.00 67.79 67.40 66.46 66.40 67.00 
Water inlet Temp "c 37.88 37.85 37.80 37.70 37.92 37.68 37.81 
Water Outlet Temp "c 42.53 42.49 42.42 42.51 42.71 42.91 42.82 
Water Flow Rate m'thr 0.47 0.47 0.47 0.47 0.48 0.42 0.43 
Test Section Pressure Drop PSIG 1.69 1.67 1.65 1.56 1.78 1.76 1.70 
Water inlet Temp "C 29.87 31.87 33.99 35.85 28.19 24.11 25.99 
Water Outlet Temp "c 30.90 32.73 34.67 36.35 29.31 25.45 27.22 
Water Flow Rate m'.'hr 0.54 0.54 0.54 0.54 0.58 0.66 0.66 
Post Condenser Outlet Temp "c 37.98 38.20 38 15 38. 10 ]7.71 37.60 37.80 
Cooling Water Inlet Temperature "c 31.45 31.49 31.59 31.26 30.92 31.08 31.42 
Cooling Water Outlet Temperature "c 35.46 35.53 35.59 35.45 35.13 35.07 35.35 
Cooling Water Flow Rate m'/hr 1.32 1.29 1.27 1.25 1.34 1.43 1.39 
G 400 kgim2s PULSE Tsat 45°C 
Compressor Discharge Pressure PS!G 257.11 255.58 254.95 256.82 249.89 248.35 279.49 
Compressor Discharge Temperature "c 76.92 76.02 76.87 76.38 78.39 78.29 82.82 
Compressor Suction Pressure PSIG 87.97 87.00 85.42 86.00 75.06 73.84 82.00 
Compressor Suction Temperature "c 12.41 12.12 11.57 11.75 8.04 7.47 10.48 
Ref. R 22 Mass Flow Rate kg'hr 127.90 126.56 125.48 126.24 110.36 108.39 117.15 
Pre Condenser Inlet Pressure PS!G 237.27 236.76 237.D7 237.14 236.55 236.87 267.45 
Pre Condenser Inlet Temp "c 71.23 70.44 71.40 70.42 72.66 72.79 77.04 
Water inlet Temp "c 41.65 41.83 42.02 41.75 41.30 42.00 46.18 
Water Outlet Temp "c 46.98 46.88 46.96 46.88 46.46 46.60 51.67 
Water Flow Rate m'/hr 0.47 0.47 0.47 0.47 0.47 0.47 0.45 
Test Section Pressure D:rop PSIG 0.92 0.95 1.01 1.24 0.75 0.79 1.48 
Water inlet Temp "c 29.78 31.70 33.86 35.80 37.87 39.98 45.59 
Water Outlet Temp "c 31.21 32.99 34.97 36.75 38.58 40.52 46.10 
Water Flow Rate m\'hr 0.65 0.65 0.65 0.65 0.70 0.70 0.79 
Post Condenser Outlet Temp. "c 36.52 38.60 40.49 39.22 35.10 39.35 39.88 
Cooling Water Inlet Temperature "c 31.57 33.08 34.02 33.26 30.61 33.77 35.13 
Cooling Water Outlet Tetnperature ''c 35.75 37.38 38.41 37.74 34.40 37.76 39.44 
Cooling Water Flow Rate m-'!hr 1.44 1.36 1.31 1.30 1.39 1.26 1.27 
G6 
G 400 kg-'m2s PULSE Tsat = 50~C 
Compressor Discharge Pressure PSIG 281.20 279.58 279.10 278.98 278.81 283.18 279.49 
Compressor Discharge Temperature "c 83.86 84.12 84.20 84.05 83.93 84.09 82.82 
Compressor Suction Pressure PSIG 83.94 83.00 83.00 82.00 82.00 84.00 82.00 
Compressor Suction Temperature "c 10.93 10.82 10.69 10.35 10.30 11.21 10.48 
Ref_ R-22 Mass Flow Rate kgibr 118.65 117.57 117.42 116.68 116.62 119.43 117.15 
Pre Condenser Inlet Pressure PSIG 268.44 267.56 267.79 267.35 267_94 268_93 267.45 
Pre Condenser Inlet Temp "c 78.33 78.56 79_07 78.45 79.08 78.34 77.04 
Water inlet Temp "C 46.16 46.37 46.38 46.50 46.46 45.61 46.18 
Water Outlet Temp "c 51.84 51.79 51.85 51.81 51 85 5L75 51.67 
Water Flow Rate m'llrr 0.45 0.45 0.45 0.45 0.45 0.45 0.45 
Test Section Pressure Drop PSIG 0.63 0.67 0.70 0.72 0.74 1.42 1.48 
Water inlet Temp "c 33.85 35.85 38.39 39 90 41_83 43_94 45_59 
Water Outlet Temp "C 35 23 37.13 39.48 40.89 42.66 44.59 46.10 
Water Flow Rate m-'.-'hr 0.79 0.79 0.79 0.79 0.79 0.79 0.79 
Post Condenser Outlet Temp "c 35.80 37_80 38.69 39.70 40.30 36.16 39.88 
Cooling Water Inlet Temperature "C 31.60 33_35 33.91 35.01 35.25 31.01 35.13 
Cooling Water Outlet Temperature "c 35.00 37.02 37.70 38.96 39.28 35.13 39.44 
Cooling Water Flow Rate m'i11r 1.68 1.52 1.47 1.39 U6 l.39 1.27 
G 600 kgin12s PULSE Tsat 40"C 
Compressor Discharge Pressure PSIG 255.61 255.91 255.31 254.01 252.59 252.07 250.81 
Compressor Discharge Temperature "c 76.15 76.62 76.72 76.38 76.71 77.26 77.24 
Compressor Suction Pressure PSIG 85.39 85.00 83.23 83.00 80.74 78.97 77.97 
Compressor Snction Temperatnre "c 11.36 11.23 10.66 10.53 10.66 9.60 8.88 
Ref. R-22 Mass Flow Rate kg'hr 125.00 124.82 122.40 121.41 118.18 116.21 114.63 
Pre Condenser Inlet Pressure PSIG 235.81 236.72 236.98 236_37 236.76 236_98 236.99 
Pre Condenser Inlet Temp "c 70.92 71.30 71.30 71 08 71.40 72.09 72.04 
Water mlet Temp "C 40.10 40.17 40.70 40.16 40.23 40.26 40_33 
Water Outlet Temp "c 47.03 47.17 47 n 46_99 47_00 46 97 46_96 
Water Flow Rate m';hr 0.34 0.34 0.34 0 34 0.34 0_34 0_34 
Test Section Pressure Drop PSIG 0.90 0.90 0.90 0.87 0.82 0.80 0.80 
Water inlet Temp "c 29.78 32.15 34.14 36.32 37.98 39.79 42.20 
Water Outlet Temp "c 31.28 33.39 35.25 37_20 38.73 40.35 42.50 
Water Flow Rate m'ilu 0.24 0.24 0.24 0.24 0.24 0.24 0.24 
Post Condenser Outlet Temp. "c 39.73 40.16 41.18 41.39 41 71 42.00 41.79 
Cooling Water Inlet Temperature "c 32.30 32.58 33.24 33.60 34.02 34.12 34.14 
Cooling Water Outlet Temperature "c 37.3~ 37.62 38.21 38.41 38.68 38.76 38.78 
Cooling Water Flow Rate m'thr 1.15 1.14 1.12 1.15 1.15 1.14 1_13 
G7 
G 600 kglrn2s PULSE Tsat 45"C 
Compressor Discharge Pressure PSIG 286.53 286.68 283.62 284.34 288.26 285.91 283.97 
Compressor Discharge Temperature "c 81.41 81.65 81.81 81.78 80.34 81.17 82.48 
Compressor Suction Pressure PSIG 94.52 94.58 91.00 91.00 '19.97 95.10 90.00 
Compressor Suction Temperature "c 14.21 14.18 13.18 13.17 16.08 15.02 13.19 
Ref. R-22 Mass Flow Rate kgihr 133.26 133.17 129.07 129.24 139.89 134.28 127.29 
Pre Condenser Inlet Pressure PSIG 268.21 268.89 266.70 267.11 267.84 267.24 268.11 
Pre Condenser Inlet Temp "c 76.39 76.70 76.83 76.81 ~5.35 76.10 77.32 
Water inlet Temp "c 45.52 45.49 44.88 44.98 45.68 45.12 45.62 
Water Outlet Temp "c 53.66 53.80 53 35 53.38 53.04 52.72 52.77 
Water Flow Rate m-'-"hr 0.26 0.26 0.26 0.27 IJ.30 0.30 0.30 
Test Section Pressure Drop PSlG 0.95 0.94 0.90 0.90 1.08 0.98 0.91 
Water inlet Temp "c 34.03 36.07 37.83 39.78 42.25 44.18 46.17 
Water Outlet Temp "C 35.70 37.49 39.02 40.83 43.05 44.81 46.61 
Water Flow Rate m',"hl 0.28 0.28 0.28 0.28 0.28 0.28 0.28 
Post Condenser Outlet Temp. "c 46.57 46.74 46 22 46.06 46.66 46.90 47.09 
Cooling Water Inlet Temperature "c 37.77 37.90 37.76 37.51 3 7.41 37.88 38.28 
Cooling Water Outlet Temperature "C 43.18 43.36 43.02 42.89 -13.27 43.43 43.65 
Cooling Water Flow Rate m';hr 1.09 1.08 1.09 1.07 1.05 1.07 I 05 
G 600 kg/m2s PULSE Tsat = so"c 
Compressor Discharge Pressure PSIG 219.45 220.89 221.28 221.22 222.06 222.29 220.92 
Compressor Discharge Temperature "C 58.75 58.27 57.12 57.46 53.58 58.52 59.95 
Compressor Suction Pressure PSIG 59.00 63.00 63.19 64.00 64.94 65.00 65.48 
Compressor Suction Temperature "c 1.20 2.46 2.68 2.88 3.26 3.34 3.32 
Ref. R-22 Mass Flow Rate kg/hr 95.69 100.61 101.32 102.01 103.26 103.50 103.75 
Pre Condenser Inlet Pressure PSIG 209.62 208.31 208.30 208.03 208 24 208.23 207.98 
Pre Condenser Inlet Temp "c 54.75 54.12 52.97 53.30 5-1.31 54.20 55.70 
Water inlet Temp "c 38.59 38.31 38.42 38.35 38.12 38.60 37.97 
Water Outlet Temp "c 41.53 41.58 41.49 41.49 41 65 41.64 41.49 
Water Flow Rate m-'t"hr 0.30 0.26 0.~6 0.26 0 26 0.26 0.30 
Test Section Pressure Drop PSIG 0.73 0.82 0.82 0.83 0.84 0.83 0.82 
Water inlet Temp "C 36.15 34.02 32.14 29.74 2g.oJ 26.06 24 00 
Water Outlet Temp "c 36.59 34.70 33.01 30.79 2<J.l8 27.38 25.65 
Water Flow Rate m''lu· 0.28 0.23 0.24 0.24 0.24 0.24 0.23 
Post Condenser Outlet Temp "c 38.58 38.12 38.08 38.03 38.00 38.09 38.03 
Cooling Water Inlet Temperature "c 32.26 31.36 31.28 31.25 31.34 3l.l7 31.55 
Cooling Water Outlet Temperature "c 36.49 36.00 35.90 35.86 35.89 35.81 35.92 
Cooling Water Flow Rate m01]tr 0.99 0.95 0.95 0.96 0.99 0.97 1.04 
G8 
G 800 kglm2s PULSE Tsat40"C 
Compressor Discharge Pressure PSIG 220.55 219.35 218.84 218.84 217.64 217.64 216.33 
Compressor Discharge Temperature "c 73.77 73.55 72.02 72.78 73.60 7160 73.83 
Compressor Suction Pressure PSIG 72.30 72.00 71.69 70.43 67.87 67.87 67.08 
Compressor Suction Temperature "c 6.59 6.45 5.96 5.86 4.82 4.82 4.87 
Ref. R-22 Mass Flow Rate kglhr 108.66 106.64 109.50 108.66 104.62 104.62 105.15 
Pre Condenser Inlet Pressure PSIG 210.00 209.51 208.00 208.00 208.00 208.00 207.48 
Pre Condenser Inlet Temp "c 67.44 67.51 65.77 66.61 67.05 67.05 67.77 
Water inlet Temp "c 40.40 40.15 40.45 40.42 40.48 40.48 40.29 
Water Outlet Temp "c 41.55 42.05 44.62 44.67 44.62 44.62 44.55 
Water Flow Rate m1/hr 0.76 0.42 0.16 0.16 0.16 0.16 0.16 
Test St"ction Pressure Drop PSlG 1.12 1.09 1.46 1.43 I .31 1.31 1.03 
Water inlet Temp "c 36.16 34.20 30.22 28.19 26.31 26.31 23.20 
Water Outlet Temp "c 36.99 35.34 32.46 30.83 29.31 29.31 27.15 
Water Row Rate m1/hr 0.53 0.53 0.34 0.34 0.34 0.34 0.27 
Post Condenser Outlet Temp "c 38.69 17.11 17.66 17.6! 18.72 18.72 21.56 
Cooling Water Inlet Temperature "c 34.91 34.34 33.48 33.34 32.85 32.85 32.32 
Cooling Water Outlet Temperature "c 36.50 35.95 35.17 35.00 34.44 34.44 33.90 
Cooling Water Flow Rate m1/hr 3.14 3.50 3.40 3.44 3.44 3.44 3.43 
G 800 kg/m2s PULSE Tsat 45°C 
Compressor Discharge Pressure PSIG 246.80 245.66 246.21 249.76 ~47.76 246.40 246.95 
Compressor Discharge Temperature "c 79.63 78.94 79.40 67 01 77.89 79.26 79.66 
Compressor Suction Pressure PSIG 73.70 73.00 73.04 81.00 77.00 72 26 72.28 
Compressor Suction Temperature "c 7.24 7.01 7.09 9.28 8.42 7.19 7.08 
Ref. R-22 Mass Flow Rate kglhr 109.55 107.24 109.03 120.48 114.54 108.64 108.51 
Pre Condenser Inlet Pressure PSIG 237.81 237.37 237.43 238.43 237.83 237.44 238.54 
Pre Condenser Inlet Temp "c 72.61 72.05 72.34 61.49 7!.37 72.18 73.34 
Water inlet Temp "c 40.35 45.51 45.45 45.65 45.45 45.42 45.52 
Water Outlet Temp "c 47.36 48.00 48.14 47.41 47 79 47.67 47.88 
Water Flow Rate m'-1u 0.31 0.30 0.30 0.34 0.34 0.34 0.34 
Test Section Pressure Drop PSIG 1.11 1.25 1.28 1.54 1.35 0.98 0.97 
Water inlet Temp "c 32.16 34.18 36.23 41.17 40.92 29.98 28.05 
Water Outlet Temp "c 35.24 37.08 38.63 42.40 42.16 33.95 32.47 
Water Flow Rate m'thr 0.24 0.24 0.24 0.23 0.23 0.24 0.24 
Post Condenser Outlet Temp. "c 31.32 36.01 36.83 43.20 43.00 37.40 37.30 
Cooling Water Inlet Temperature "c 30.01 34.12 34.75 37.80 37.85 35.53 35.36 
Cooling Water Outlet Temperature "c 31.33 35.93 36.65 39.84 39.82 37.22 37.03 
Cooling Water Flow Rate m'.'1u 4.07 2.8! 2.70 2.53 2.62 3.02 3.06 
G9 
G 800 kgim2s PULSE Tsat ~ 50"c 
Compressor Discharge Pressure PSIG 280.02 284.90 284.00 285.81 285.27 285.56 285_30 
Compressor Discharge Temperature "c 8032 79.07 79.22 78.80 79.33 79.26 77.51 
Compressor Suction Pressure PSIG 99.00 100.00 !00.00 100.06 99.91 100.13 100.65 
Compressor Suction Temperature "c 16.59 16.52 16.52 16.61 16.43 16.28 16.26 
Ref. R-22 Mass Flow Rate kwlrr 140.67 142.10 142.04 142.83 142.13 142_95 144.16 
Pre Condenser Inlet Pressure PSIG 263.94 268.75 268.46 269.42 269.07 270.00 269.10 
Pre Condenser Inlet Temp "c 73.29 72.97 72.55 72.82 72.78 72.84 70.95 
Water inlet Temp "c 45.46 45.50 45 51 45.65 45.59 45.53 45.38 
Water Outlet Temp "c 50.64 51.21 51.18 51 31 51.28 52.06 51.71 
Water Flow Rate m3/lu· 0.53 0.53 0.53 0.53 0.53 0.42 0.43 
Test Section Pressure Drop PSIG 1.73 1.56 !.53 1.64 !.66 1.63 1.85 
Water inlet Temp "c 39.98 38.01 36.07 41.76 44.01 34.19 46.20 
Water Outlet Temp "c 42.44 41.10 39.57 43.'15 45.65 38.25 47_28 
Water Flow Rate m'thr 0.23 0.23 0.23 0.23 (1_23 0.24 0.23 
Post Condenser Outlet Temp. "c 35.97 35.32 34.97 35.60 35.19 35.94 36.57 
Cooling Water Inlet Temperature uc 34.31 33.70 33.40 33.89 33.59 34.35 34_97 
Cooling Water Outlet Temperature "c 35.99 35.22 34.92 35.54 35.29 35.90 36.78 
Cooling Water Flow Rate nr'.'[u· 3.93 4_38 4.40 4_09 3.93 4.33 3.67 
GlO 
G.3 EXTEK Annulus 
G 400 kg/m2s PULSE Tsat 40"C 
Compressor Discharge Pressure PSIG 220.55 219.35 218.84 218.84 217.64 217 64 216.33 
Compressor Discharge Temperature "c 73.77 73.55 72.02 72.78 73.60 73.60 73.83 
Compressor Suction Pressure PSIG 72.30 72.00 71.69 70.43 67.87 67.87 67.08 
Compressor Suction Temperature "c 6.59 6.45 5.96 5.86 4.82 4.82 4.87 
Ref. R-22 Mass Flow Rate kgibr 108.66 106.64 109.50 108.66 104.62 104.62 105.15 
Pre Condenser Inlet Pressure PSIG 210.00 209.51 208.00 208.00 208.00 208.00 207.48 
Pre Condenser Inlet Temp "C 67.44 67.51 65.77 66.61 67.05 67.05 67.77 
Water inlet Temp "c 40.40 40.15 40.45 40.42 40.48 40.48 40.29 
Water Outlet Temp "c 41.55 42.05 44.62 44.67 44.62 44.62 44.55 
Water Flow Rate m31Iu· 0.76 0.42 0.16 0.16 0.16 0.16 0.16 
Test Section Pressure Drop PSIG 1.12 1.09 1.46 l.43 1.31 1.31 1.03 
Water inlet Temp "c 36.16 34.20 30.22 28.19 26.31 26.31 23.20 
Water Outlet Temp "c 36.99 35.34 32.46 30 83 29.31 29.31 27.15 
Water Flow Rate m'ibr 0.53 0.53 0.34 0.34 0.34 0.34 0.27 
Post Condenser Outlet Temp. "c 38.69 17.11 17.66 17.61 18.72 18.72 21.56 
Cooling Water Inlet Temperature "c 34.91 34.34 33 48 33.34 32.85 32.85 32.32 
Cooling Water Outlet Temperature "c 36.50 35.95 35.17 35.00 34.44 34.44 33.90 
Cooling Water Flow Rate m1/lu· 3.14 3.50 3.40 3.44 3.44 3.44 3.43 
G 400 kglm2s PULSE Tsat 45°C 
Compressor Discharge Pressure PSIG 246.80 245.66 246.21 249.76 247.76 246.40 246.95 
Compressor Discharge Temperature "c 79.63 78.94 79.40 67.01 77.89 79.26 79.66 
Compressor Suction Pressure PSIG 73.70 73.00 73.04 81.00 77.00 72.26 72.28 
Compressor Suction Temperature "c 7.24 7.01 7.09 9.28 8.42 7.19 7.08 
Ref. R-22 Mass Flow Rate kg/hr 109.55 107.24 109.03 120.48 114.54 108.64 108.51 
Pre Condenser Inlet Pressure PSIG 237.81 237.37 237.43 238.43 237.83 237.44 238.54 
Pre Condenser Inlet Temp "c 72.61 72.05 72.34 61.49 71.37 72.18 73.34 
Water inlet Temp "c 40.35 45.51 45.45 45.65 45.45 45.42 45.52 
Water Outlet Temp "c 47 36 48.00 48.14 47.41 47.79 47.67 47.88 
Water Flow Rate m31 hr 0.31 0.30 0.30 0.34 0.34 0.34 0.34 
Test Section Pressure Drop PSIG 1.11 1.25 1.28 1.54 1.35 0.98 0.97 
Water inlet Temp "c 32.16 34.18 36.23 4l.l7 40.92 29.98 28.05 
Water Outlet Temp "C 35.24 37.08 38.63 42.40 42.16 33.95 32.47 
Water Flow Rate m'-'hr 0.24 0.24 0.24 0.23 0.23 0.24 0.24 
Post Condenser Outlet Temp "c 31.32 36.01 36.83 43.20 43.00 37.40 37.30 
Cooling Water Inlet Temperature "c 30.01 34.12 34.75 37.80 37.85 35.53 35.36 
Cooling Water Outlet Temperatm·e "c 31.33 35.93 36.65 39.84 39.82 37.22 37.03 
Cooling Water Flow Rate rn·'!hr 4.07 2.81 2.70 2.53 2.62 3.02 3.06 
Gll 
G 400 kg/m2s PULSE Tsat = so"c 
Compressor Discharge Pressure PSIG 280.02 284.90 284.00 285.81 285.27 285.56 285.30 
Compressor Discharge Temperature "c 80.32 79.07 79.22 78.80 79.33 79.26 77.51 
Compressor Suction Pressure PSIG 99.00 100.00 100.00 100.06 99.91 100.13 100.65 
Compressor Suction Temperature "c 16.59 16.52 16.52 16.61 16.43 16.28 16.26 
Ref. R-22 Mass Flow Rate kg/hr 140.67 142.10 142.04 142.83 142.\3 142.95 144.16 
Pre Condenser Inlet Pressure PSIG 263.94 268.75 268.46 269.42 269.07 270.00 269.10 
Pre Condenser Inlet Temp 'c 73.29 72.97 72.55 72.82 72.78 72.84 70.95 
Water inlet Temp "c 45.46 45.50 45.51 45.65 45.59 45.53 45.38 
Water Outlet Temp "c 50.64 51.21 51.18 51.31 51.28 52.06 51.71 
Water Flow Rate m·'/hr 0.53 0.53 0 53 0.53 (!.53 0.42 0.43 
Test Section Pressure Drop PSIG 1.73 1.56 1.53 1.64 1.66 1.63 I 85 
Water inlet Temp 'c 39.98 38.01 36.07 41.76 44.01 34.19 46.20 
Water Outlet Temp "c 42.44 4\.10 39.57 43.95 45.65 38.25 47.28 
Water Flow Rate m\hr 0.23 0.23 0.23 0.23 0.23 0.24 0.23 
Post Condenser Outlet Temp "c 35.97 35.32 34.97 35.60 35.19 35.94 36.57 
Cooling Water Inlet Temperature \: 34.31 33.70 33.40 33.89 3.1.59 34.35 34.97 
Cooling Water Outlet Temperature 'c 35 99 35.22 34.92 35.54 35.29 35.90 36.78 
Cooling Water Flow Rate m3ihr 3.93 4.38 4.40 4.09 3.93 4.33 3.67 
G 600 kg/m2s PULSE Tsat 40°C 
Compressor Discharge Pressure PSlG 255.61 255.91 255.31 254.01 252.59 252.07 250.81 
Compressor Discharge Temperature "c 76.15 76.62 76.72 76.38 71o.71 77.26 77.24 
Compressor Suction Pressure PSIG 85.39 85.00 83.23 83.00 80.74 78.97 77.97 
Compressor Suction Temperature 'c 11.36 11.23 10.66 10.53 10.66 9.60 8.88 
Ref. R-22 Mass Flow Rate kg/hr 125.00 124.82 122.40 121.41 118.18 116.21 114.63 
Pre Condenser Inlet Pressure PSIG 235.81 236.72 236.98 236.37 236.76 236.98 236.99 
Pre Condenser Inlet Temp "c 70.92 71.30 71.30 71.08 71.40 72.09 72.04 
Water inlet Temp "c 40.10 40.17 40.70 40.16 40.23 40.26 40.33 
Water Outlet Temp 'c 47.03 47.17 47.22 46.99 4-:'.00 46.97 46.96 
Water Flow Rate m'/hr 0.34 0.34 0.34 0.34 0.34 0.34 0.34 
Test Section Pressure Drop PSIG 0.90 0.90 0.90 0.87 0.82 0.80 0.80 
Water inlet Temp "c 29.78 32.15 34.14 36.32 37.98 39.79 42.20 
Water Outlet Temp "c 31.28 33.39 35.25 37.20 3~.73 40.35 42 50 
Water Flow Rate m3/hr 0.24 0.24 0.24 0.24 0.24 0.24 0.24 
Post Condenser Outlet Temp "c 39.73 40.16 4L\8 41.39 41.71 42.00 41.79 
Cooling Water Inlet Temperallu·e "c 32.30 32.58 33.24 33.60 34.02 34.12 34.14 
Cooling Water Outlet Temperature "c 37.32 37.62 38.21 38.41 3S.68 38.76 38.78 
Cooling Water Flow Rate m3/hr 1.15 1.14 1.12 1.15 l .15 1.14 1.13 
G12 
G 600 kginl2s PULSE Tsat 45°C 
Compressor Discharge Pressure PSIG 286.53 286.68 283.62 284.34 288.26 285.91 283.97 
Compressor Discharge Temperature "c 81.41 81.65 81.81 81.78 80.34 81.17 82.48 
Compressor Suction Pressure PSIG 94.52 94.58 91.00 91.00 99.97 95.10 90.00 
Compressor Suction Temperature "c 14.21 14.18 13.18 13.17 16.08 15.02 13.19 
Ref. R-22 Mass Flow Rate kgihr 133.26 133.17 129.07 129.24 139.89 134.28 127.29 
Pre Condenser Inlet Pressure PSIG 268.21 268.89 266.70 267.11 267.84 267.24 268.11 
Pre Condenser Inlet Temp "C 76.39 76.70 76.83 76.81 75.35 76.10 77.32 
Water inlet Temp "C 45.52 45.49 44.88 44.98 45.68 45.12 45.62 
Water Outlet Temp "c 53.66 53.80 53.35 53.38 53.04 52.72 52.77 
Water Flow Rate m'.lhr 0.26 0.26 0.26 0.27 0.30 0.30 0.30 
Test Section Pressure Drop PSIG 0.95 0.94 0.90 0.90 1.08 0.98 0.91 
Water inlet Temp "C 34.03 36.07 37.83 39.78 42.25 44.18 46.17 
Water Outlet Temp "c 35.70 37.49 39.02 40.83 43.05 44.81 46.61 
Water Row Rate m'i1rr 0.28 0.28 0.28 0.28 0.28 0.28 0.28 
Post Condenser Outlet Temp "c 46.57 46.74 46.22 46.06 46.66 46.90 47.09 
Cooling Water Inlet Temperature "c 37.77 37.90 37.76 37.51 37.41 37.88 38.28 
Cooling Water Outlet Temperature "c 43.18 43.36 43.02 42.89 43.27 43.43 43.65 
Cooling Water Flow Rate m'-'hr 1.09 1.08 1.09 1.07 1.05 1.07 1.05 
G 600 kgin12s PULSE Tsat = 50"c 
Compressor Discharge Pressure PSIG 219.45 220.89 221.28 22!.22 222.06 222.29 220.92 
Compressor Discharge Temperature "c 58.75 58.27 57.12 57.46 58.58 58.52 59.95 
Compressor Suction Pressure PSIG 59.00 63.00 63.19 64.00 64.94 65.00 65.48 
Compressor Suction Temperature "c 1.20 2.46 2.68 2.88 3.26 3.34 3.32 
Ref. R-22 Mass Flow Rate kgl1u: 95.69 100.61 101.32 102.01 103.26 103.50 103.75 
Pre Condenser Inlet Pressure PSIG 209.62 208.31 208.30 208.03 208.24 208.23 207.98 
Pre Condenser Inlet Temp "c 54.75 54.12 52.97 53.30 54.31 54.20 55.70 
Water inlet Temp "c 38.59 38.31 38.42 38.35 38.12 38.60 37.97 
Water Outlet Temp "c 41.53 41.58 41.49 41.49 41.65 41.64 41.49 
Water Flow Rate m'-"lu· 0.30 0.26 0.26 0.26 0.26 0.26 0.30 
Test Section Pressure Drop PSIG 0.73 0.82 0.82 0.83 0.84 0.83 0.82 
Water inlet Temp "C 36.15 34.02 32.14 29.74 28.03 26.06 24.00 
Water Outlet Temp "c 36.59 34.70 33.01 30.79 29.18 27.38 25.65 
Water Flow Rate m·'ihr 0.28 0.23 0.24 0.24 0.24 0.24 0.23 
Post Condenser Outlet Temp "c 38.58 38.12 38.08 38.03 38.00 38.09 38 03 
Cooling Water Inlet Temperature "c 32.26 31.36 31.28 3!.25 3!.34 31.17 31.55 
Cooling Water Outlet Temperature "c 36.49 36.00 35.90 35.86 35.89 35.81 35.92 
Cooling Water Flow Rate m1lhr 0 99 0.95 0.95 0.96 0.99 0.97 1.04 
G13 
G 800 kg/m2s PULSE Tsat 40°C 
Compressor Discharge Pressure PSIG 227.06 225.43 223.12 226.13 229.85 230.58 227.81 
Compressor Discharge Temperature "c 72.65 73.01 72.85 72.98 71.97 72.00 72.45 
Compressor S1.1ction Pressure PSIG 75.87 74.06 72.29 73.94 81.13 82.23 78.06 
Compressor Suction Temperature "c 8.67 7.93 7.24 9.54 11.(>6 11.09 9.70 
Ref. R-22 Mass Flow Rate kg/hr 114.66 112.38 109.71 112.50 121.58 123.04 117.53 
Pre Condenser Inlet Pressure PSIG 208.48 208.56 208.58 208.59 208.74 208.44 208.40 
Pre Condenser Inlet Temp "c 67.06 68.00 67.79 67.40 66 46 66.40 67.00 
Water inlet Temp "C 37.88 37_85 37.80 37.70 37.'l2 37.68 37.81 
Water Outlet Temp "c 42.53 42.49 42.42 42.51 42.'1 42.91 42.82 
Water Flow Rate m'/hr 0.47 0.47 0.47 0.47 0 48 0.42 0.43 
Test Section Pressure Drop PSIG 1.69 1.67 1.65 1.56 I .78 1.76 I 70 
Water inlet Temp "c 29.87 31.87 33.99 35.85 28.19 24. II 25.99 
Water Outlet Temp "c 30.90 32.73 34.67 36.35 29 .. '\ 1 25.45 27.22 
Water Flow Rate m'ihr 0.54 0_54 0.54 0 54 0.58 0.66 0.66 
Post Condenser Outlet Temp "c 37_98 38.20 38.15 38.10 37."'1 37.60 37.80 
Cooling Water Inlet Temperature "c 31.45 31.49 31_59 31.26 30-'!2 31.08 31.42 
Cooling Water Outlet Temperature "c 35.46 35.53 35.59 35.45 35.13 35.07 35.35 
Cooling Water Flow Rate m'ihl 1.32 1.29 1.27 \.25 U4 1.43 1_39 
G 800 kgim2s PULSE Tsat 45"C 
Compressor Discharge Pressure PSIG 257.11 255.58 254.95 256.82 249 89 248.35 279.49 
Compressor Discharge Temperature "c 76.92 76.02 76.87 76.38 78 .. '9 78.29 82.82 
Compressor Suction Pressure PSIG 87.97 87.00 85.42 86.00 75.06 73.84 82.00 
Compressor Suction Temperature "c 12.41 12.12 11.57 11.75 8.04 7.47 10.48 
Ref. R-22 Mass Flow Rate kg!hr 127.90 126.56 125.48 126.24 110 36 108.39 117.15 
Pre Condenser Inlet Pressure PSIG 237.27 236.76 237.07 237.14 236.55 236.87 267.45 
Pre Condenser Inlet Temp "c 71.23 70.44 71.40 70.42 72.(]6 72.79 77.04 
Water inlet Temp "c 41.65 41.83 42.02 41.75 41.30 42.00 46.18 
Water Outlet Temp "c 46.98 46.88 46.96 46_88 46A6 46.60 51.67 
Water Aow Rate m;-'lu: 0.47 0.47 0.47 0.47 0.47 0.47 0.45 
Test Section Pressure Drop PSIG 0.92 0.95 1.01 1.24 0.75 0 79 1.48 
Water inlet Temp "c 29.78 31.70 33.86 35.80 37.S7 39.98 45.59 
Water Outlet Temp "c 31 21 32.99 34.97 36.75 38.58 40.52 46,10 
Water Flow Rate m 'lhr 0.65 0.65 0.65 0.65 0.70 0.70 0.79 
Post Condenser Outlet Temp "c 36.52 38.60 40.49 39.22 35.10 39.35 39.88 
Cooling Water Inlet Temperature "c 31_57 33.08 34.02 33.26 30.61 33_77 35.13 
Cooling Water Outlet Temperature "c 35.75 37.38 38.41 37_74 34AO 37_76 39.44 
Cooling Water Flow Rate m31lu· 1.44 1.36 1.31 1.30 1.39 1.26 1.27 
G14 
G 800 kg/m2s PULSE Tsat ~ so"c 
Compressor Discharge Pressure PSIG 281.20 279.58 279.10 278.98 278.81 283.18 279.49 
Compressor Discharge Temperature "c 83.86 84.12 84.20 84.05 83.93 84.09 82.82 
Compressor Suction Pressure PSIG 83.94 83.00 83.00 82.00 82.00 84.00 82.00 
Compressor Suction Temperature "c 10.93 10.82 10.69 10.35 10.30 11.21 10.48 
Ref R-22 Mass Flow Rate kg!hr 118.65 117.57 117.42 116.68 116.62 119.43 117.15 
Pre Condenser Inlet Pressure PSIG 268.44 267.56 267.79 267.35 267.94 268.93 267.45 
Pre Condenser Inlet Temp "c 78.33 78.56 79.07 78.45 79.08 78.34 77.04 
Water inlet Temp "c 46.16 46.37 46.38 46.50 46.46 45.61 46.18 
Water Outlet Temp "c 51.84 51.79 51.85 51.81 51.85 51.75 51.67 
Water Flow Rate m3 'hr 0.45 0.45 0.45 0.45 0.45 0.45 0.45 
Test Section Pressure Drop PSIG 0.63 0.67 0.70 0.72 0.74 1.42 1.48 
Water inlet Temp "c 33.85 35.85 38.39 39.90 41.83 43.94 45.59 
Water Outlet Temp "c 35.23 37.13 39.48 40.89 42.66 44.59 46.10 
Water Flow Rate m'..br 0.79 0.79 0.79 0.79 0.79 0.79 0.79 
Post Condenser Outlet Temp. "C 35.80 37.80 38.69 39.70 40.30 36.16 39.88 
Cooling Water Inlet Temperature "c 31.60 33.35 33.91 35.01 35.25 31.01 35.13 
Cooling Water Outlet Temperature "c 35 00 37.02 37.70 38.96 39.28 35.13 39.44 
Cooling Water Flo\\' Rate m1 hr 1.68 1.52 1.47 1.39 1.36 1.39 1.27 
G15 
